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DATE: May 2017 
Composite pipes are gradually replacing the conventional pipes in the industrial 
applications because of their superior mechanical and thermal properties. However, the 
frequent failure of composite pipes caused by the mechanical damages is one of the 
important aspects that need to be addressed. These pipes are often very susceptible to 
foreign object impact during service. These damages can be vulnerable and can go unseen 
especially in case of low velocity impacts since these are not visually observable. A small 
dent caused by such impacts can lead to significant underlying damages for example, 
delamination, cracking of matrix, breakage of fiber and de-bonding between fiber and 
matrix interfacial. It is not generally desirable to replace the pipeline with such no leaking 
failures because of cost and technical reasons; rather it is important to check its fitness for 
service. The fitness for service could possibly incorporate remedy of a pipeline containing 
defects. The judgement is made on the nature and severity of the damage. Therefore, 
comprehensive research was done, on issues related to composite design, impact damage, 
damage classification, damage characterization, and rehabilitation. The objective of this 
Ph.D. work was to develop a design guideline for Fiber-Reinforced-Polymer (FRP) plates 
and pipes. For this purpose, new FRP composite plates and pipes using different resins and 
thicknesses was considered to develop a methodology for the designs that fulfill the static 
internal pressure testing (for the case of fiberglass pipe) and improved impact resistance. 
The methodology is based on experimental and computational studies. The finite element 
(FE) models for both plate and pipe have been validated by the results of the conducted 
experimental work for the manufactured plates and for the existing high-pressure pipes 
designed per API-15HR. The developed FE model is capable to predict the behavior of 
high-pressure fiberglass pipes under low velocity impact with acceptable accuracy. Effects 
of major parameters, such as composite layer thickness, resin types and fiber types on 
xxi 
composite design performance were investigated to formulate guidelines related to the 
design of the composite system. It was found that, for plate testing, the amount of energy 
absorbed (impact performance) varies significantly for the variations in the thickness of a 
single layer, number of layers and stacking sequence. Carbon-fiber/epoxy composite plate 
has better impact resistance compared to glass-fiber/epoxy composite plate due to the 
higher measured absorbed energies of the carbon-fiber/epoxy. The experimental test data 
showed an increased energy absorption for the composite plates made with phenolic resin. 
The effect of the carbon fiber plies location for the mixed plates was not exceptionally 
pronounced. The stacking sequence with [90/0/45/-4* was better than [60/45/-45/-60]s 
in term of impact resistance as concluded from the simulated cases. For pipe design, the 
incorporation of rings within the fiberglass pipe with different fiber materials or orientation 
can improve the impact resistance of the pipe as well as the mechanical strength under 
internal static loading. These designs with rings among all the simulated cases, meet and 
exceed durability requirements necessary to provide the desired impact resistance for the 
pipeline structures. Moreover, damage characterization was done utilizing, Optical 
Microscopy, Thermography Imaging, Computed Tomography (CT) scan, and other 
available techniques, to classify the damages in composite plates and pipes under low 
velocity impact. Visual inspections showed a large extent of damage on the polyester and 
epoxy resins plates when they are compared with same plates made with phenolic resin. 
Infrared (IR) Thermography Imaging was used to provide additional information on the 
initiation and development of deferent damage mechanisms due to impact. The 
experimental apparatus and approach using mid-wave IR thermography camera with 
continuous heat source are reliable methods which can be applied to determine damage 
inside composite materials in real time. It was possible to obtain a 3D image of the 
delamination which was in good agreement with physical observations using the measured 
temperature gradients across the thickness of different manufactured composite plates. The 
study also demonstrates that it is possible to assess the thinning severity experienced by 
the composite materials through inferred thermal imaging. The impact damage 
morphology of API-15HR fiberglass pipe sections, rated at 1500 psi, were studied at 
different impact energies. X-ray Computed Tomography (CT) scan was used to assess and 
examine the extend of the induced damage within the wall thickness of the fiberglass pipe. 
Statistical analysis (a histogram depth trace for each slice as well as a continuous histogram 
map for the whole length) and the visual analysis (both slice and vertical/horizontal 
reconstructed slab images) are analyzed. It is concluded that CT scanning is an effective 
way of damage characterization for fiberglass pipes with some discussed limitations. The 
CT results have been validated by comparison of the results from optical microscopy taken 
at the center of the impacted areas and through the pipe wall thickness as a reference. Good 
interfacial adhesion between fiber glass and epoxy resin is optically observed for low 
energy impacted samples whereas delamination is seen for specimens impacted at 210J 
indicating that the fiber—matrix interface is completely removed. The usage of the medical 
CT scanner in this study proves that the resultant photos are only for visual quality and 
descriptive assessment. The joint utilization of x-ray computed tomography and optical 
microscopy was tried and proved to offer a powerful methodology for impact damage 
identification. Finally, Artificial Neural Network (ANN) was adopted to find the best 
model that can be used for predicting the thinning severity. The simulation results included 
predictions, model plots, formulae and accuracy metrics. Accurate approach for the 
thinning estimation in composite plates using thermal imaging as well as ANN models was 
developed. The use of thermography testing data along with ANN models seems more 
viable than other non-destructive tools as they are together can describe different damage 
on composite. The estimation of thinning parameters is accurate with less than 1% error 
where the overall absolute error for untrained data, is less than 8%. 
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CHAPTER 1: INTRODUCTION 
Composite pipes are gradually replacing the conventional pipes in the industrial 
applications. Composite pipes in general and Fiber-Reinforced-Polymer (FRP) pipes as 
specific show good resistance to corrosion compared to metallic pipes in applications 
where pipes are carrying fluids like water or highly corrosive sulphuric acid is present in 
it. This property makes them ideal for usage in pipe industry [1]. Composite pipes can be 
described in two categories depending upon the type of resin material; reinforced 
thermoplastic pipes and reinforced thermosetting resin pipes. There are several major 
advantages composite pipes offer over conventional material pipes. Corrosion resistance is 
one of those, fiberglass pipes are resistant to corrosion for a long period of time and resists 
corrosion to a range of media including seawater, hot saline water, acids and different 
chemicals [2]. Also, the composite materials have a high strength to weight proportion 
when they are compared to metals and the transportation and installation of the composite 
materials is easier. Large lengths of composite pipes can be easily manufactured and can 
be assembled with relative ease on sites. Since, composite materials are corrosion resistant; 
the cost of maintenance is considerably lower. The fatigue resistance, low internal friction, 
fire resistance, torsional stiffness and good impact resistance combined with the flexibility 
in design as per strength and other requirements make them ideal replacement for the 
current conventional materials [2]. 
Because of their superior mechanical and thermal properties over conventional 
materials, fiber reinforced composite materials are being preferred in the petroleum 
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industry. Initially they were developed because of their high non-corrosive properties for 
on-shore oil and gas industry. Later, its characteristics attracted the offshore deep-water oil 
companies, which was searching for durable, lightweight materials to replace the heavy 
metallic piping utilized on oil platforms in sea water. Apart from the oil and gas industry, 
another major area of significant interest where composite pipes can be of use is the water 
related applications. The desalination application requires piping systems that are corrosion 
resistant [2]. Fiber-Reinforced-Polymer (FRP) pipes have become the material of selection 
in the water industries. The frequent failure of composite pipes caused by the mechanical 
damages is one of the important aspects that need to be addressed. These damages can 
cause oil and gas leakage of from pipes due to structural failure may reduce the operating 
pressure or suspend the production, human and environmental risks and the economic 
losses [3]. The structural failure of these pipelines can be due to several effects as burst, 
impact, puncture, overload, buckling, fatigue and fracture. One of the major causes of 
damages in pipes are considered as "external damage" caused by foreign objects and third 
party damage [4]. These structural components are often very susceptible to foreign object 
impact during service. These damages can be vulnerable and can go unseen especially in 
case of low velocity impacts since these are not visually observable. A small dent caused 
by such impacts can lead to significant underlying damages [5]. 
Mechanical damage can occur during handling, installation and service to the 
composite pipes. To ensure the reliability, good impact properties against low velocity 
impacts is needed. Due to the laminate structure of composite materials, their behavior to 
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impacts is different compared to metallic structures. The modes of damage in composite 
structures due to impact can be categorized as cracking of matrix, breakage of fiber and 
delamination [6]. In addition to these, the micro failure modes are ordinarily experienced 
in composite structures are breakage of fiber, buckling of fiber and crushing of the matrix, 
matrix transverse cracking, matrix transverse crushing, dis-bonding between fiber and 
matrix at the interface and delamination micro failure modes [6]. 
The selection of optimal parameters for composite pipes that give high resistance to 
impact loads under low velocity impact should consider various factors related to material 
properties, as well as the manner of manufacturing of the composite product. To obtain the 
desired impact resistance, it is important to know the interrelationships between these 
variables and the pipe absorbed energy. The nature of this relationship is not a simple task 
because nonlinear process parameters are still unknown. The main problems of the 
composite industry are in identifying the design and operational variables that have the 
significant effect on improving the impact resistance. For damage mechanism 
characterization and type of failure identification, post-impact analysis is required to be 
carried out for the damage sample [7]. Visual inspection can be used to analyze the impact 
tested samples for specific damage types that include dent, cracking, splitting, fiber failure, 
and delamination. Moreover, there are advanced test methods to examine the damaged 
composite samples. The tests frequently used for damage characterization includes 
Scanning Electron Microscopy (SEM), Ultrasound, Microwave Testing, Compression 
Testing, Thermo-graphic Testing. 
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Therefore, broad research should be done, on subjects such as: damage due to 
foreign objects, damage resistance, impact loading, propagation of cracks and their path in 
composites, classification of composite damages, repair of composite damage, and other 
related issues. The composite's strength and stiffness are greatly influenced by the changes 
of operating temperature and absorption of moisture. The maximum loading of the 
structure and the energy absorbed during impact are significantly reduced. Development 
of analytical and numerical models is required for predicting the effect of impact on the 
composite structures with different levels of complexity, and even more essentially, to 
predict the impact response of composite pipes. The modeling methodology should be 
validated by experimental work and damage characterization to guarantee that the 
developed models can be used confidently for optimization purpose. 
This Ph.D. work contributes in achieving some of the strategic goals set for 
composite materials in Saudi Arabia by focusing on the development of advanced materials 
and applications by setting the minimum priorities for light materials that can be basis for 
future development and enhancement in industrial applications. Greater value-added can 
be captured from this thesis by coupling of the petrochemical-based materials (polymers) 
produced in Saudi Arabia with the advancement of composite design and technologies. The 
proposed Ph.D. work deals with the damage characterization of FRP composite pipes under 
low velocity impact. Composites are the choice of designers for a variety of utilizations in 
the industries. The primary uses of composite pipes in the energy industries include 
transportation of drinking water, fire water, seawater, desalinated water; chemical and 
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industrial waste, sewage, petrochemical process lines, offshore and onshore oil and gas 
system, and marine applications. 
The results of the present Ph.D. research work in the form of design tools and guidelines 
will be useful in the design, testing, damage assessment through fitness-for-service 
approach and also applications of wider range of composite pipe products to provide a 
solution to local industries. Some of the potential end users of the outcomes of this study 
include: 
• Oil and gas industry for drilling, pipeline, vessels and storage tanks 
• Water and sewerage industry 
• Process and Petrochemical industry 
• Pipe manufacturers 
Resin systems including high temperature ablative resins, nanostructure, water soluble 
and biodegradable polymers, flame retardants, UV light stabilizers and nanoparticles for 
polymer reinforcement are all examples in how composite can be widely used in many 
applications. Key advanced materials technologies for Saudi Arabia composite and hybrid 
materials include: 
• compos ites for desalination and construction processes; 
• high pressure and temperature applications; 
• fiber reinforced resins and polymers; 
• ceramic and radiation shielding composites; 
• lightweight and nanocomposites 
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The Kingdom is the world's leading producer of petroleum. A wide variety of advanced 
materials are needed in petroleum production. Composites are needed for construction, oil 
pipelines, optical fibers, and water services (such as pipelines, storage, processing, and 
disposal). Major technical challenges relate to joining, manufacturing, and installation. 
There are also issues with training and standards that limit applications. On the other hand. 
Saudi Arabia has a major petrochemicals industry. Many of this industry's materials needs 
are similar to those in the oil and gas industry but there are additional needs for advanced 
polymers that can be used for high pressure applications and has fire-resisting properties. 
The motivations of this work are as follow: 
• Help enhancing the position of the Kingdom of Saudi Arabia in the use of 
composite technologies and their applications to meet the needs of the industries by 
create new basic and applied scientific knowledge in the composite field. 
• Advanced materials such as fiberglass in high pressure applications are also needed 
to withstand the various environmental conditions present in the Kingdom. 
• Advanced materials including composite are also required to strengthen corrosion-
resistant pipelines. 
• Composites can provide benefits to Saudi Arabia through development, transfer 
and adaptation of advanced composite materials. 
• Create new applied scientific knowledge and operational prototypes for non-
destructive tools that can be used for composite inspection. NDT methods applied 
to composites and advanced materials are a key focus area. 
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• Provide oversight of the design and implementation of composite repair. 
• Composite nondestructive testing related patent that can be filed. 
Graphical summary of all works carried out in the dissertation are presented in Figure 
1 which also shows how the various works are inter-connected. The objectives of this Ph.D. 
work include mainly: 
• Development of validated computational tools capable of measuring the absorbed 
energy of fiberglass plates and pipes under low velocity impact. 
• Implementation of a computational approaches that are capable of designing new 
pipe with enhanced impact response. 
• Study the effectiveness to characterizes fiberglass damage and quantify it using 
thermography and prediction models. 
• Development of validated computational tools capable of rehabilitate damage in 
fiberglass pipe. 

















Figure 1: Graphical summary of all works carried out in the dissertation 
The dissertation is organized into a total of 13 chapters. Each chapter has been 
written in a way that it can be read independently. Chapter 2 presents a literature review of 
the utilization of Fiber-Reinforced Polymer (FRP) pipes in oil and gas industries and the 
latest research works done in the field of the experimental and numerical analysis. Chapter 
3 presents an overview of the composite pipe applications and challenges in high-pressure 
services. In chapter 4, the mode of failures, damage characterization and Nondestructive 
testing (NDT) of nonmetallic materials are presented. In chapter 5, experimental and 
computational analysis of low velocity impact are presented for carbon, glass and mixed 












thermography technique. In chapter 7, damage characterization to estimate the thinning 
effect for fiber glass plate is presented using both thermography techniques and predication 
tools for fiber glass plates. Chapter 8 presents the functional failure of FRP pipes where 
parametric sensitivity analysis approach has been adopted. Chapter 9 presents the 
experimental and computational results for enhanced FRP pipes to be utilized in high-
pressure applications. Chapter 10 shows the results and interpretations of Computed 
Tomography (CT) scanning of 6-inch pipe impacted at different level of energies. The 
performance of a composite repair system for externally corroded metallic pipe using 
numerical model was presented in chapter 11. Chapter 12 provides the repair approach for 
damaged FRP pipe that is subject to internal pressure using circumferential helical fiber 
materials. Finally, the conclusions and recommendations for possible future work are 
presented in chapter 13. 
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CHAPTER 2: LITERATURE REVIEW 
The utilization of composite equipment in the oil, gas industries turn out to be the 
norm in the latest two decades. Composite and polymeric materials are becoming as 
alternative designer's choice for utilization in parts and components instead of metallic 
materials because they are light in weight, have better chemical and corrosion and 
resistance and require lower maintenance expenses. The field experience has shown that 
remarkable performance of these nonmetallic materials at the design and operational 
phases of the oil, gas and petrochemical industry. All things considered, the industry is 
requesting nonmetallic materials to meet new difficult operating conditions, for example, 
higher working pressure and temperatures, stronger mechanical properties, enhanced 
chemical resistance, lower gas permeability, fire resistance, and so forth. The answer could 
be found in new materials and innovations, where the nonmetallic materials can be custom-
made to satisfy operational and design requirements. Fiber-reinforced polymer (FRP) 
composite and nanocomposite materials offer these capabilities with diverse properties to 
get new materials with enhanced performance. 
Unfortunately, fiber reinforced polymer composites under dynamic loading are 
excessively brittle, especially impact loading, which can impressively reduce their 
properties. Subsequently, the impact issues of composites have gotten to be vital. Some of 
the impacts are as often as possible hard to recognize with the bare eye, however they can 
result in early disastrous failure because the decrease in the strength caused by the loading 
impact. Exactly when a composite laminate is subjected to an impact loading, matrix 
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cracking occurs and delamination may be created simultaneously. Therefore, there is a 
need to design and develop composite pipes with enhanced resistance to mechanical 
damage in general and impact loading in particular. Therefore, broad research should be 
conducted, on subjects, for example, impact loading, foreign object damage, crack path 
propagation and related composite damage issues. Moisture absorption and the changes in 
the temperature have extremely important effects on the strength of the composite and its 
absorbed energy since it will significantly decrease during impact damage. Scientific 
development of analytical and numerical models is required for anticipating the impact 
reaction of composite laminates with differing levels of complexity, and even more 
importantly, is to predict the impact response of composite pipes. The modeling 
methodology should be upheld by noteworthy experiment tests including: materials 
characterization to provide inputs for the developed models using impact and structural 
response validation to affirm the accuracy and effectiveness of developed models. 
Although composites could offer many beneficial properties, they suffer from the 
following disadvantages: compared to most of the traditional engineering materials, 
material cost of the composite materials is high, their high-volume production methods 
limit the widespread use of composites. A problem with polymer matrix composites is that 
they absorb moisture where the mechanical properties and dimensional constancy of the 
composite parts will be affected significantly. The temperature resistance and solvent 
resistance depend strongly on the matrix material. 
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M.I. Misnon et al [8] provided a thoughtful perspective on the role of distinctive 
fiber materials in a structural composite system. They discriminatingly audited the 
available material properties of natural textile and their composites. They found that the 
natural fiber reinforced composites are constrained to be used only in low to medium load 
bearing applications. Limited work has been performed to date, and there is a noteworthy 
gap between the superior textile fabrics, and their utilization as reinforcement in fiber-
reinforced composite materials. 
Mechanical damages to pipes occur frequently. These damages can cause spillage 
of oil and gas from pipes as a result of structural failures and may prompt downgrading the 
operating pressure or ceased the production, human and environmental risks and the 
substantial economic losses [3]. The structural failures of these pipelines can be because of 
various impacts as: burst, impact, rapture, overload, buckling, fatigue, and fracture. 
Mechanical damage has been represented to be the most generally perceived reason of 
failures of transportation pipelines around the globe. United States Department of 
Transportation (DOT) has revealed that 20-40% of serious incidents are a direct result of 
mechanical damage [9]. Likewise, a statistical review for a noteworthy oil organization in 
Kingdom of Saudi Arabia has reasoned that 19% of the reported incident failures 
somewhere around 1985 and 2003 were attributed to mechanical damage. [10]. Mechanical 
damage is for the most part caused by third party activities. Mechanical damage can 
likewise occur during construction because of improper handling of the pipes during lifting, 
stacking, laying, and so on. A typical reason for damage during construction of the pipeline 
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is the place of hard rocks that can damage the bottom of the pipe during laying or the top 
of the pipelines during backfilling. Mechanical damage can likewise happen as a 
consequence of pipe movement because of surge forces because of operational upsets. In 
some cases, the damage might be less that the pipeline is as yet keeping up the pressure, 
however the concern to the pipeline operators is the probability of reduced fatigue life in 
view of the localized stress-strain distribution in the dent zone. 
Due to the serious consequences of pipeline failure in terms of fatalities or serious 
injuries, economical due to loss of production or damage of properties and environmental, 
pipeline operators are implementing the so called "Pipeline Integrity Management System 
(PIMS)." This concept is implemented throughout the pipeline life cycle covering design, 
material specification, manufacturing, construction, operation, inspection, maintenance 
and repair. The implementation can be as simple as following the code and conducting 
periodic inspection and repair and can be a complex one with fully integrated software that 
has all the pipeline data, pipeline coordinates using Global Point System (GPS), online 
process monitoring, leak detection system, stored data base of inspection runs, and 
automated decision making of repair. 
2.1 Composite Pipes 
Composite pipes are gradually replacing the conventional pipes in the industrial 
applications. The characteristics of the fiber reinforced composites also attracted the 
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offshore deep-water oil industry, which searches the market for lightweight and strong 
materials to replace the traditional heavy metallic piping used on sea water for oil 
platforms. As an example of the advantage gained by replacing conventional material 
pipelines with composite materials is that a 6-inch pipe diameter weighs 4 Ib/ft (pound per 
foot), while copper nickel pipe with the same diameter of 6-inch weighs 24 Ib/ft [11]. Apart 
from the oil and gas industry, another major area of significant interest where composite 
pipes can be of use in the water related applications. Especially in the Middle East, lack of 
fresh water reservoirs put forward the need of desalination applications. The desalination 
application requires piping systems that are corrosion resistant [2]. Significant financial 
and maintenance problems are present if the pipeline corroded where there will be loss of 
production due to the pipeline's shutdown. Composite based piping systems provide good 
protection against the corrosion. FRP pipes have become the material of choice of the 
designers in the water industries. Some of the major advantages offered by pipes fabricated 
using composite materials are: 
• Corrosion Resistance. 
• Strength to weight ratio. 
• Easy to be installed. 
• Low cost of maintenance. 
• Fatigue resistant capabilities. 
• Very low internal friction. 
• Fire Resistant. 
• Design flexibility. 
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J. C. Price summarized all technical issues that limits the use of composites in large 
scale. He indicated that there are still many technical issues that will require research 
funding where the theoretical predictions from research must be compared to experimental 
evidence and field history data from initial applications to enable the specification of failure 
criteria and design specifications [12]. B. E. Bogner presented an overview of large 
diameter composite pipe sector and examples of its applications. He mentioned that 
composite design guidelines and acceptance criteria must be established in conjunction 
with thorough certification tests. This can be done in parallel with the research institutes 
collaboration to better comprehend composite performance capabilities and characteristics 
[13]. The greater part of the failures of reinforced composite pipelines are regularly as a 
result of lacking adequate design and installation practices that don't address every single 
key viewpoint and provide provisions to compensate to the mechanical properties of 
composite pipe materials [14]. Rod Martin in his paper discussed some of the obstacles 
facing uptake of composite materials in the oil and gas industries. Two of the obstacles 
recognized were a requirement for new standards for composites in these challenging 
applications and pertinent data in aggressive media [15]. A. H. Harte and others 
investigated the optimization of the design parameters related with glass- reinforced epoxy 
(GRE) pipelines for use in gas system. He assessed a variety of scientific mathematical 
strategies regarding the pipeline composite's design. The key parameters explored are 
pipeline layer thickness and winding angles. He concluded that there is no optimization 
algorithm is suitable for all influencing design parameters [16]. A. H. Harte and others also 
found that the pipeline and joint experience the maximum stresses that happen at the 
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transition from the pipe to the joint. A creative coil—lock joint is appeared to effectively 
perform the connection between gas transmission pipeline sections [17]. A. Stocchi et al 
investigated the aging of glass/epoxy composite pipes utilized for crude oil transportation 
with exceptional emphasis on their influence on the impact performance [18]. E.M. Knox 
et al. [19] studied integrity from structure point of view for the adhesively reinforced glass 
reinforced epoxy composite pipe joints. The outcomes of their examination show the 
significant defect tolerance of the bonded composite parts. 
2.2 Impact Resistance of Composite Pipes with Mechanical Damage 
There are various issues related to the use of composite piping systems. Primarily the 
absence of experimental data to support the long-term durability of materials. The failure 
caused by the mechanical damages is one of the important aspects that need to be 
addressed. During the product lifecycle, it is always expected that damages can occur due 
to impact by foreign objects. Mechanical damage can occur during handling, installation 
and service to the composite pipes. These structural components are often very susceptible 
to foreign object impact during service. This damage can be vulnerable and can go unseen 
especially in case of low velocity impacts, since the damage is not visually observable. A 
small dent caused by such impacts can lead to significant underlying damages [5]. 
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The modes of damage in composite structures due to impact can be categorized as cracking 
of matrix, breakage of fiber or delamination [20]. Impact usually leads to low to medium 
energies, which affect the response of the structure globally, and regularly results in 
delamination and cracking [21]. Low velocity impacts can also cause matrix cracking, 
which sometimes may not be on the surface of impact but on the internal or bottom surface, 
this is due to the fact that the laminate is flexible. Matrix cracking is normally occurring at 
the perpendicular direction of the composite laminate plane while tensile cracking occurs 
in the composite laminates with thicker sections. Matrix cracking is close to the top surface 
and characterized as the shear crack. The damage in composite materials due to impact 
force is a complex mechanism and still there are no analytical methods that can be generally 
accepted to define the phenomenon. Nevertheless these, the modes of micro failures 
frequently detected in composite laminates, are (a) fiber breakage, (b) fiber buckling, (c) 
matrix transverse cracking, (d) matrix transverse crushing, (e) dis-bonding of fiber and the 
matrix (f) delamination [20]. 
Carbon Fiber Reinforced Polymer (CFRP) laminates are too brittle under dynamic 
impact loading. Wrench dropping, strike of bird [21] or runway debris can create 
delamination [22]. Impact damages are hard to identify with the bare eye. Although this 
damage may appear to be harmless in the stacking plates, it can lead to early disastrous 
failure because of the impact loading that reduces the component strength. Matrix breaking 
and delamination may be produced simultaneously due to impact loading. Therefore broad 
research has been done, on themes, for example, damage due to foreign object [23], damage 
tolerance [24], impact loading and residual strength [3] [25], composites crack propagation 
path [26], and related impact damage [27]. 
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Hosur et al. [28] conducted experimental investigations to find the response, due to 
low-velocity impact loading, for four distinct combinations of composite laminates 
utilizing an impact testing instrument. Their study showed that there is impressive 
enhancement in the impact resistance for the hybrid composites when compared with 
carbon or epoxy composite with minor stiffness reduction. Yang & Cantwell [29] 
conducted a number of low velocity impact tests on (0°, 90°) glass fiber reinforced epoxy 
resin to study the effects of varying crucial variables on the threshold damage initiation. 
The results show that the impact resistance is proportional to the thickness of the composite 
panel. Also, the tests show that the impact resistance was not affected by the plate's 
geometry. Ker§ys, Kerkene, & 2iliukas [30] studied the impact response of woven 
carbon/epoxy and E-Glass/epoxy composite systems on the structures of vehicle body by 
considering energy profile diagrams and force-displacement curves. To determine the 
mechanism of impact damage, drop-weight experiments were performed when laminated 
composite materials were deformed with low impact energy. The maximum energy used 
in the test was equal to 120J by means of a vertically falling impactor. The experiments 
demonstrated a reduction in the stiffness of the composite plate. It was observed that the 
stiffness of E-Glass/Epoxy composites during impact decreased with the increasing 
displacement due to greater specimen deflection related with non-linear membrane effect. 
Force-time relationships were almost symmetrical. But the area under the force-
displacement curve showed a greater part of impact energy absorbed with the laminar 
composite at low velocity impact energies. The results show that at low impact energies of 
6 J, the force value of 3.081(1\1 was maximum which gradually decreases to zero. But when 
the impact energy is greater, the maximum force value is reached when the damage under 
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the impactor occurs after the greater total displacement. Rilo & Ferreira [31] 
experimentally investigated the low velocity impacts of the glass-epoxy laminated 
composite plates. The damage characterization was conducted in relation to the test type, 
sequence of composite stacking, dimensions and the impact maximum force. 
2.3 Experimental Studies 
There are many studies conducted on the impact analysis of composite laminate plates 
and the pipes. Mainly these studies are aimed at the impact characteristics of laminated 
composite plates at low velocity impacts. Since, the composite materials should replace the 
existing metallic pipes; the toughness requirement should be comparable to the standards 
set for the metallic pipes. The standard test methods for measuring the impact 
characteristics of the composite pipes are: 
• Drop weight test method/Drop dart test 
• Pendulum based test 
• Driven Dart test method 
The different tests can be applied depending upon the range of applicability and the 
type of material. Until recently, the impact behavior of composite materials has been 
characterized by the same test methods originally developed for metals, including: Izod, 
Charpy and drop weight tests. With these tests, there are several concerns that have been 
raised. The scatter in results is often extremely high, even for extremely carefully executed 
tests. Material performance may be dramatically different from that given by another test 
method. The test result ranking of materials is often contrary to comparative performance 
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in actual applications [32]. The tests are selected as to replicate the actual impact scenario 
like drop weight tester is used to simulate the dropped tool impact. Similarly, pendulum 
systems are utilized conduct low velocity impact testing [6]. In the work of [32], five kinds 
of impact tests have been identified namely pendulum, tensile, drop dart, flex and driven 
dart. Mainly ASTM standards have been followed and tested with several different 
materials. The procedures used in the pendulum test are as recommended by the ASTM 
standards D256 [33] for impact resistance testing of electrical insulating and plastics 
materials. In tensile impact tests, Type L specimens are used as per recommended by the 
ASTM standards for the test for tensile-impact energy to break plastics and electrical 
insulating materials. ASTM D1822-84 [34] standard was utilized in this test. 
Recently, mode of failures have been affirmed utilizing strength and energy concepts 
applied to cross-ply composite laminates [35]. These studies inferred a relationship 
between transverse crack spacing and composite laminate strain. Test procedures have 
additionally been offered to identify the impact damage [36], which concentrate on 
characterizing damage thresholds and considered the utilization of impact force as a 
principal parameter. The residual fatigue bending strength of CFRP composites has been 
assessed utilizing the three-point bending fatigue test and the failure mechanism was 
affirmed when composites were subjected to impact loadings [37]. Likewise, high 
temperature effects were assessed when CFRP composites were subjected to impact 
loading [38]. Another study was performed on low-velocity impact testing to figure out the 
impact response of CFRP composites [39]. It was noticed that composite laminated 
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experience different sorts of fracture; delamination, intra-ply cracking, matrix cracking, 
and fiber breakage and damage, which relied on the interlayer materials. Im et al. [40] 
explored the impact of temperature changes on matrix cracking and interfacial 
delamination damage when CF/Epoxy and CF/PEEK composite laminates are subjected to 
impact loading at low and high temperatures and characteristics of stacking arrangements 
and distinctive matrices of the CFRP composites have been affirmed by utilizing the SEM 
and optical magnifying instrument after impact damages. 
Yang and Cantwell [29] conducted a number of low velocity impact tests on (Oo, 90o) glass 
fiber reinforced epoxy resin to study the effects of varying key parameters on the damage 
initiation threshold. The results show that the impact resistance is proportional to the 
thickness of the composite panel. In addition, the tests show that the impact resistance was 
not affected by the plate's geometry. A further study by Yang et al. [38] was done to study 
the effects of target size, projectile diameter and test temperature on damage initiation on 
samples of unidirectional E-glass fiber reinforced FM94 epoxy resin. They established the 
damage initiation threshold by increasing the impact energy until delamination just became 
apparent in the test samples. A. Ker§ys et al. [30] studied the impact response of woven 
carbon/epoxy and E-Glass/epoxy composite systems on vehicle body structures by 
considering energy profile diagrams and force-displacement curves. The maximum energy 
used in the test was equal to 120J by means of a vertically falling impactor. The 
experiments demonstrated a reduction in the stiffness of the composite plate. Rilo and 
Ferreira [31] conducted study on the experimental investigation of low velocity impacts on 
glass-epoxy laminated composite plates. The characterization of the damage was done in 
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relation to the type of test, stacking sequence, dimensions and the maximum force of the 
impact. 
Bert [41] discussed various testing techniques, tension, in-plane shear and 
multiaxial tension, for filament-wound composites along with outlining the practical 
implications of each one. Alderson and Evans [42] modeled impact testing of filament-
wound pipes using mass-spring models for two support conditions and concluded that a 
ring model is the closest to actual behavior. They further examined the failure mechanisms 
during transverse loading to study the effect under static and low velocity impact loading 
[43]. Jones et al. [44] introduced needle rollers to the split disc testing method for filament-
wound composites to determine stress-strain characteristics. Ellyin and Martens [45] 
conducted an experimental study to investigate biaxial behavior of multi-directional glass-
fiber/epoxy pipes under fatigue loading. Kaddour et al. [46] presented test results on 
composite tubes of various wall thicknesses under biaxial tension-compression loading and 
discussed different factors affecting the behavior of such tubes. Mertiny et al. [47] 
investigated by experimental work the effect of multi-angle filament winding on the 
performance of such composite pipes subjected to biaxial tensile stress and found that 
multi-angle winding technique may provide advantages over conventional fixed angle lay-
ups. Similarly, Morozov [48] investigated the effect of filament-winding mosaic patterns 
using composite cylindrical shells and showed that the actual level of stresses may not be 
accurately predicted by using conventional laminated structures' mechanics. Casari et al. 
[49] presented a simple technique for estimating the residual stresses in thick filament 
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wound tubes induced as a result of manufacturing process. Meijer and Ellyin [50] tested 
filament wound glass fiber reinforced epoxy tubulars under various ratios of axial and 
circumferential stresses observing first failure modes and stress-strain failure envelopes. 
Moreno et al. [51] studied the effect of winding angles on the response of cylindrical 
filament wound tubes to external pressure and evaluated various analytical models to 
predict buckling pressure. They furthered their study by measuring strains using strain 
gages and from digital image correlation [52] Buragohain and Velmurugan [53] considered 
grid-stiffened composite structures and performed experimental studies by manufacturing 
different structures and carrying out axial compression tests. 
Hosur et al. [28] carried out experimental investigations to determine the response 
of four different combinations of hybrid laminates to low-velocity impact loading using an 
instrumented impact testing machine. Yang and Cantwell [29] conducted a number of low 
velocity impact tests on (0°, 90°) glass fiber reinforced epoxy resin to study the effects of 
varying key parameters on the damage initiation threshold. The results showed that the 
impact resistance is proportional to the thickness of the composite panel. In addition, the 
tests show that the impact resistance was not affected by the geometry of the plate. A study 
was done to examine the effect of key parameters such as target size, projectile diameter 
and test temperature on damage initiation. Kergys et al. [30] studied the impact response of 
woven carbon/epoxy and E-Glass/epoxy composite systems on vehicle body structures by 
considering energy profile diagrams and force-displacement curves. Rilo & Ferreira [31] 
conducted experimental characterization of the damage in relation to the fiber stacking 
sequence, dimensions and the maximum force of the impact. Z. Asaee et al. [54] [55] 
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introduced a new fiber metal laminate formed by sandwiching a 3D fiberglass fabric in 
between thin sheets of magnesium alloy. The experimental and computational results 
revealed that fiber metal laminate exhibits outstanding impact absorption capacity, under 
various energy levels from 40 J up to 120 J, where its energy resistance is lower than normal 
woven fabrics. S. Boria et al. [56] subjected Glass/wool felts hybrid laminates to a falling 
weight impact loading up to penetration. Two configurations with glass mat skins and wool 
felt cores with different thickness were compared. They found that the insertion of two 
wool felts instead of one in the laminate core would slightly improve their impact 
characteristics. Natural fiber composite has a potential to be widely applied in the 
alternative to a fiberglass composites in sustainable energy impact absorption structures. 
G. Caprino et al. [57] studied the behavior of hemp fiber epoxy where their findings leads 
to the conclusion of potential replacement of glass fiber with hemp fiber in structural 
applications with better impact resistance. Increasing the thickness of impacted laminates 
samples found to be an effective alteration to enhance the crack propagation phenomena 
on composite based on a commercial thermoplastic polyurethane grade and reinforced by 
woven glass fibers from. Ahmad Rafiq et al. [58] studied the effect of nano-clay addition 
in glass fiber reinforced epoxy composites on impact response with energies between 10 
and 50 J. They found that nano-clay improved the peak load and stiffness of GFRE as the 
nano-clay loading of 1.5 wt% resulted in optimum properties, with 23% improvement in 
peak load and 11% increase in stiffness. A significant reduction in physical damage was 
also observed in hybrid nanocomposite samples as compared to glass fiber reinforced 
epoxy composites. Deposition of micro and nano-fillers, such as aluminum powder, 
colloidal silica and silicon carbide powder, into surface of the Kevlar fibers fabrics 
25 
enhance the impact resistance and impact energy absorption of the hybrid composite 
laminates [59]. C. Fragassa et al [60] used a vinylester as reinforcing thermosetting resin 
where the results indicated that the hybrid laminates did not mostly offer properties to the 
level predicted by an application of the rule-of-mixtures. The results tend to challenge the 
idea that basalt/flax fiber hybrid laminates would offer a good performance only with the 
presence of basalt fibers in the outer layers. Microencapsulated epoxy and healing agents 
can be incorporated into a glass fiber reinforced epoxy matrix to produce a polymer 
composite capable of self-healing. J. Lee et al. [61] investigated the mechanical properties 
of a self-healed fiber reinforced epoxy composites and they found that incorporation of 
these agents provide excellent mechanical strength with a consistent relative healing 
efficiency up to 140%. Improving the quality of the fiber—resin connection increased the 
strength of the laminate. There is recent increase in the use of ecofriendly, natural fibers as 
reinforcement for the fabrication of lightweight with increasing trend in research 
publications and activity in the area of basalt fibers. 
Demir et al. [62] presented an experimental study that deals with repeated transverse 
impact effect on the burst pressure of composite pressure vessels. The results show that 
when the impact load and water temperature increases, the burst pressure decreases. J. 
Zhang and X. Zhang [63] presented an approach to predict the critical impact force and 
corresponding damage in composite laminates subjected to low-velocity impact. It was 
found that delamination adjacent to the impact point is suppressed by the high compressive 
through-thickness stress, resulting in negligible reduction of the laminate stiffness. Hosur 
et al. [28] carried out experimental investigations to determine the response of four 
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different combinations of hybrid laminates to low-velocity impact loading using an 
instrumented impact testing machine at four energy levels of 10, 20, 30 and 40J. Their 
hybrid laminates were fabricated with twill weave carbon fabric and plain weave S2-glass 
fabric using vacuum assisted resin molding process with SC-15 epoxy resin system. 
Response of carbon/epoxy and glass/epoxy laminates was also investigated to compare 
with that of hybrid samples. Their study indicated that there is considerable improvement 
in the load carrying capability of hybrid composites as compared to carbon or epoxy 
laminates with slight reduction in stiffness. 
2.4 New Materials for Composite Structures 
V. Dhand et al [64] presents a short review on basalt fibers used as a reinforcement 
material for composites and discusses them as an alternative to the use of glass fibers. T. 
Kubiaka and L. Kaczmarek [65] analyzed two types of laminates (carbon fiber reinforced 
polymer and E-glass fiber reinforced polymer). Basalt was found to have superior 
properties than the conventional asbestos and glass fibers put together. Hybridizing the 
surface of basalt fibers with coupling agents like silanes increases the bonding between the 
matrix and the basalt fiber which leads to the exceptional improvement of the mechanical 
properties. 
Many useful techniques have been successfully devised to improve the delamination 
resistance in the past three decades. These techniques include three-dimensional (3D)-
weaving, stitching, braiding, embroidery, Z-pin anchoring, fiber hybridization, toughening 
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the matrix resin, use of short fibers or micro-scale particles. These methods enhanced the 
interlaminar properties but at the cost of in-plane mechanical properties [66]. Multiwall 
carbon nanotube-reinforced carbon fiber laminates have better energy absorption capacity 
as compared to neat carbon reinforced fiber laminate [67]. Glass fiber composites exhibited 
clear delamination between the plies, matrix transverse cracks within plies and significant 
fiber damage at relatively low impact energies while woven hybrid laminates have 
significantly lower damage area [68]. 
Many valuable strategies have been effectively devised to enhance the delamination 
resistance in the past three decades, including: three-dimensional (3D)-weaving, stitching, 
braiding, embroidery, Z-pin anchoring, fiber hybridization, toughening the matrix resin and 
interleaving with tough polymer, short fibers or micro-scale particles. These strategies 
improved the interlaminar properties, but at the cost of in-plane mechanical properties [66]. 
2.5 Numerical Studies 
The damage characteristic and impact resistance of composite structures have been 
broadly examined in the open literature [69]—[72][73]. Numerous studies have focused on 
the advancement of numerical models, for anticipating the behavior of composite laminates 
subjected to impact loading [72], [74]—[78]. These studies incorporate the effect on low, 
medium and high velocities and the initiation, propagation and extent of damage in the 
structure. Likewise, the effect of variables, such as, thickness, curvature, stacking sequence 
and boundary limit conditions on the structural behavior under impact are discussed. 
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A continuum damage mechanics based model to predict high velocity impact damage 
in composites was proposed by Sheik et al. [79]. Their model was executed using 
ABAQUS FE code. The authors acquired a decent relation between numerical prediction 
and experimental test in terms of energy absorption. Two different numerical methods for 
anticipating the impact damage and residual compression strength of monolithic composite 
panels were assessed by Karger [80], [81] Both techniques executed in ABAQUS and use 
implicit and explicit time integration schemes and lead to comparable results. Johnson et 
al. [82], [83] numerically and experimentally studied the behavior of composite panels 
when subjected to low velocity impact damage. In their work, the effect of delamination 
on the impact resistance of composite panels was discussed. Yokoyama et al. [84] 
illustrated a numerical study on the impact resistance of composite shells laminates 
utilizing an energy based delamination model. The damage model was represented as a 
user defined material model in ABAQUS FE code within shell elements. 
Hongbing Fang et al [85] used finite element modeling and simulations to evaluate the 
impact resistance of single- and multi-layer woven fabrics. The developed FE model in 
conjunction with material model MAT_234 in LS-DYNA can capture the behavior of 
woven fabrics with both single and multi-layer configurations. M.V. Zhikharev and S.B. 
Sapozhnikov [86] performed ballistic testing and numerical modeling (using two finite 
element codes (AUTODYN-3D and LS-DYNA) to study the fragment penetration of glass 
fabric/epoxy-phenolic laminates with two different thicknesses at different impact 
velocities. Fatih Usta et al. [87] investigated numerically, using LS-DYNA, the thickness 
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and curvature effects on high velocity impact behavior of flat and cylindrical panels for 
four different samples. They proved that penetration values of projectile and contact forces 
of the cylindrical panels are higher than those for flat panels. 
2.6 Predication Tools 
Sensitivity analysis is one of the approaches that can be used to ascertain the degree of 
influence of various mechanical and material parameters on the impact performance of the 
composite laminated plates. Optimization of impact performance of the composite plates 
using DOE and Artificial Neutral Network (ANN) model with FEM techniques have been 
tried by many researchers. M.H. Malik et al. [88] [89] found that the low velocity impact 
resistance of fiber reinforced polymer composite plates depends more significantly on the 
thickness and the stacking sequence and the effect of the elastic moduli of the fibers while 
the matrix has less effect than the strength of the fiber and matrix materials of the 
composite. J.A. Artero-Guerrero [90] presented the capability of using ANN approach to 
predict the change of the ballistic limit with the laminate stacking sequence, and hence to 
find the optimum laminate combination. They used a combined methodology of 
experimental and Finite Element Method to train the models. A. Riccio et al. [91] 
investigated the effects of the stacking sequence on the mechanical behavior of composite 
laminates subjected to low velocity impacts taking into account inter-laminar and intra-
laminar damage onset and evolution. They found that for plates includes 45 and -45 
oriented plies the peak impact force was higher than the configuration with 0/90 oriented 
ply where the configuration with [0/90]2s plies is less stiff than the other configuration so 
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thee configuration [0/90]2s absorbs an amount of energy greater than the other 
configuration. G. K. Vijayaraghavan et al. [92] adopted an inverse technique using ANNs 
to estimate various parameters of delamination in Glass Reinforced Polymer (GRP) pipes 
by supplying thermal contrast evolution data as input. 
Simulation the intelligence of human toward solving a problem is known as artificial 
intelligence [93] which was developed as one of the promising options for dealing with 
complex problems. Artificial Neural Networks (ANN) is one of these options [94] that 
works as a parallel computational model to genuinely investigate the association, for a 
given system, between inputs and outputs. ANN training is normally employed for one 
type of damage under given structural properties and geometry, and to develop a universal 
ANN for various types of damage, structural properties, geometric identities and working 
conditions would certainly entail burdensome effort. Alternatively, several ANNs, 
exclusively contributing to the identification of one kind of damage, may be a solution. 
Training of the ANN model is normally done for one kind of damage under given 
composite materials and geometry. So, establishing more generic ANN model that can be 
used for different type of composite damages is needed. This can be accomplished by 
developing several ANNs, which cover all types of the expected damage in the composite 
parts. For composite damage identification, utilizing ANN methodologies based on 
infrared thermography, different features are used for the model training. These features 
include minimum temperature, maximum temperature of the surface, thickness, fiber-to-
resin ratio, weight per area of the component as well as number of plies. Thermography 
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using mid-wave camera in combination with the ANN models, damage identification can 
be more precise. M. Ishikawa et al. [95] studied analytically the influence of anisotropic 
thermal diffusivities on NDT of CFRP laminates using pulse phase thermography. 
Artificial Neural Networks (ANNs) are commonly used to reduce significantly the 
computational costs and experimental work for damage level prediction and quantification. 
S. Mahmoudi et al. [96] proposed a novel method for damage prediction and dynamic 
behavior analysis of laminate composite structures. They used extracted stresses from finite 
element analysis as input for a feed-forward ANNs to estimate the damage severity. H. 
Fernandes et al. [97] used infrared thermography technique accompanied with artificial 
neural network (ANN) to estimate the fiber strands orientation over the heated line on the 
surface of carbon fiber reinforced polymer (CFRP). The classification rate obtained with 
the network was 91.2% for the training stage and 71.6% for the testing stage. Arif et al. 
[98] presented a sensitivity analysis approach to ascertain the degree of influence of various 
mechanical and material design parameters on the structural failure of the composite 
laminated pipes where the results are used for designing the pipes with improved strength. 
2.7 NDT of Fiberglass Pipes 
For damage mechanism characterization and type of failure identification, post-impact 
analysis is required to be carried out for the damaged sample [7]. Visual inspection can be 
used to analyze the impact tested samples for specific damage types that include 
dent/depression, cracking/ splitting, fiber failure, and delamination. Moreover, there are 
advanced test methods to examine the damaged composite samples such as: 
• Scanning Electron Microscopy (SEM) 
• Ultrasonic Testing 
• Microwave Testing 
• Compression Testing 
• Thermographic Testing 
Visual inspection can be used to analyze the impact tested samples for specific damage 
types that include dent/depression, cracking/ splitting, fiber failure, and delamination. 
Correlation between detected volumes and absorbed energy using optical measurement is 
a good tool to estimate impact effects [99]. Nowadays, a plenty of NDT techniques are 
investigated for composite inspection. Several techniques which were tried and tested and 
have been proven to provide useful results to characterize the damage areas in polymer 
composite resulting from low velocity impact. S. Gholizadeh [100] provided a 
comprehensive review about nondestructive testing (NDT) methods for the evaluation of 
composites. The review considers the capabilities of most common methods in composite 
NDT applications such as Visual Testing (VT or VI), Ultrasonic Testing (UT), 
Thermography, Radiographic Testing (RT), Electromagnetic Testing (ET), Acoustic 
Emission (AE), and Shearography Testing with respect to advantages and disadvantages 
of these methods. Among them, IR thermography has shown the great potential and 
advantages, which has greater inspection speed, higher resolution and sensitivity, and 
detectability of inner defect due to heat conduction. R. Yanga and Y. He [101] conducted 
a fully, in-depth and comprehensive review of thermography NDT techniques for 
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composites inspection based on an orderly and concise literature survey and detailed 
analysis. A. Rios et al. [102] used both destructive and nondestructive techniques, namely, 
absolute maximum and superposition acoustic emission. A. Castellano et al. [103] use an 
innovative goniometric ultrasonic immersion device to correlate the composite damage to 
the change in the anisotropy of the acoustic response of the material. The obtained results 
showed the effectiveness of their proposed approach for the damage characterization of 
polymer composites. Angelo De Fenza [104] implemented a structural health monitoring 
system with damage identification due to low velocity impact for composite structures 
using guided waves (Lamb waves) by means of an array of piezoelectric sensors. The 
undamaged configuration has been used as reference state (baseline) for the structural 
health monitoring where they utilized C-SCAN to obtain the depth and the extension of the 
damage. U. Farooq, P. Myler [105] proved that advanced data filters can enhance data 
interpretation and make the investigation more efficient and reliable for composite impact. 
Liu and Kleiner [106] reviewed the state-of-the-art inspection techniques and 
technologies toward condition assessment of water distribution and transmission. They 
showed the potential to apply an inspection technology to different pipe materials where 
they reported that thermographic testing does not work with concrete and composite 
structures. ME. Ibrahim [107] presented a full review in nondestructive testing for 
composites structures with thick-section. He identified that there are lots of research 
opportunities that can be explored to overcome the limitations of existing nondestructive 
technologies. Summerscales [108] reported that there is no single NDT tool is fit for the 
assessment of all structural flaws in thick composites, however a few NDT techniques have 
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constrained applications. SEM can be used in conjunction with other tests such as CT 
scans, acoustic emissions, or thermography. These scans are taken of the samples after 
failure to observe the damage type on the micro level. Using SEM is very important in any 
damage characterization study as it can be used on a variety of applications and materials. 
De Rosa et al. [109] used AE with SEM and thermography to characterize the damage of 
hybrid arrangements of jute/glass polyester laminates. The consolidated utilization of two 
or more NDT systems offered a mean for a sounder correlation of the performance of two 
different arrangements of E-glass/jute hybrid laminates as concerns to the impact 
resistance. Pashmforoush et al. [110] also used AE with SEM for the glass/epoxy 
composites damage characterization utilizing three-point bending. AE signals were used to 
categorize different mechanisms of damage, and then SEM was used to validate the 
findings. SEM was also used by Belingardiet al. [111] to study the failure of notched glass 
fiber reinforced polymer composites in cross-ply and angle-ply orientations. The damage 
evolution was tracked by performing SEM at different layers. 
2.8 Using Thermography as NDT Tool 
In heat transfer field of study, increased interests are directed to ways of handling 
composite materials, where the ability to conduct heat is very directional. Much of the work 
in conduction analysis is now accomplished by use of sophisticated computer codes. These 
tools have given the heat transfer analyst the capability of solving problems in 
nonhomogeneous media, with very complicated geometries, and with very involved 
boundary conditions [112]. Infrared thermography is a convenient technique for producing 
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heat images from the invisible radiant energy emitted from stationary or moving objects at 
any distance and without surface contact or influence on the surface temperature of the 
object. The scanning infrared camera has been used to visualize the surface-temperature 
field on fiberglass-epoxy composite samples during fatigue tests [113]. Rique et al. [114] 
studied the voids presented in bonded joints, to minimize failures due to low adhesion of 
the joints in the industry field. One of the main parameters to be characterized is the 
porosity of the glue. They used high energy X-ray micro tomography, and the results 
showed its potential in recognizing and quantifying the defected regions presented at glass 
fiber-epoxy adhesive joints. The quantity of energy, emitted as infrared radiation, is a 
function of the temperature and emissivity of the specimen. The higher the temperature, 
the more important the emitted energy. Differences in radiated energies correspond to 
differences of temperature. Guillaumat et al. [115] found that the rapid estimation of the 
damage of a composite plate is possible with thermal methods. Such methods have been 
improved with the use of high performance based on focal plane array of quantum detectors 
(Jade III from CEDIP) and suitable processing methods. 
M.P. Luong [116] illustrated the relevant use of infrared thermography as a 
nondestructive, real-time and non-contact technique to observe the physical processes of 
damage, fatigue and failure on metallic specimens. Anthony et al. [117] presented a 
contactless, non-intrusive method for measurement of the steady-state core temperature in 
a heat generating solid body. A theoretical heat transfer model for a heat-generating 
cylinder is developed to show that the steady state core temperature of the cylinder can be 
measured using appropriate integrals of the measured spatial temperature distribution on 
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the cylinder surface. Astarita et al. [118] reviewed the basic concepts that govern this 
innovative measurement technique together with some particular aspects linked to its use. 
They discussed different operating methods together with their implementations. They also 
analyzed the capability of infrared thermography to deal with several simple, or complex, 
fluid flow configurations. Lega et al. [119] introduced first results of a thermal pattern and 
thermal tracking approach that can be used to identify different phenomena and several 
pollutants. Musto et al. [120] developed and validated a mathematical model of 
experimental setup to measure object surface temperature by IR thermo-camera. This 
mathematical model was used to quantify the temperature measurement errors in the dual-
color technique. A novel correlation to estimate temperature measurement error was 
provided. 
Active thermography methods are utilized for different nondestructive examination 
such as evaluation of abnormalities in metallic and composite components. It is considered 
as a rising technology for the characterization of polymer composite materials. It is relevant 
to the crack detection, impact damage and fatigue failure cases. Thermography seems to 
be the capable technique with the end goal of fiber content assessment. Thermographic 
testing works by heating the material and measuring the heat as it is scattered from the 
sample utilizing an infrared camera [7]. Nevertheless, for composite materials, external 
source of heat is required to generate differences in the temperature between the defective 
and non-defective parts of the equipment [121]. Four methods can be used for heat wave 
NDT in thermographic camera testing: flash pulse, phase pulse "stepped heating", lock-in 
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thermography, and vibro-thermography. In phase pulse and lock-in thermography, halogen 
lamps are required where the flash xenon lamp is used as a heat wave in pulse 
thermography and it is mainly used for small surface analysis. There are a number of 
variants to thermography techniques. The most common forms are by producing thermal 
excitation via a pulsed or continuous lamp. These methods can be used for heat wave NDT 
in thermographic camera testing. Pulse Thermography is best to be used for small surface 
analysis. Phase pulse thermography uses long pulse (1 to 5 seconds) to generate the 
required thermal gradients needed for image capturing. Lock-in thermography uses 
periodic heating with different frequencies. Subsequently, the object's cooling/heating 
characteristics are monitored by an infrared camera and these characteristics are then 
interpreted to discern object properties. The detection of the damage on composite structure 
can be on-line using reflection mode or off line using transmission mode (mainly for failure 
analysis purposes in case of off-line mode). Various active thermographic testing methods, 
which use a heat source to obtain the desired thermal contrast, have been developed for 
different applications. All the testing systems that are commercially available are 
summarized by Kleiner [106]. In the event that the material containing such flaws is 
subjected to a uniform heating on one surface, the heat flow moving through its thickness 
is uneven as a result of local changes of thermal conductivity [122]. Infrared waves act like 
visible light as they can be reflected, absorbed, and refracted. Therefore, heat flux passing 
through a composite structure gives a uniform temperature on the surface assuming that 
there is no flaw or delaminated region of the fibers. At the point when a flaw or de-bonding 
site is available, the flow of heat flux is interrupted on and temperature decrease is detected 
on the surface. Distinctive thermal techniques exist considering the way the heating. For 
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instance, lock-in thermography and pulse thermography have been used to recognize 
corrosion, cracks, delamination, and voids of surfaces [123]. 
The blends of different materials and staking sequences exhibited in some composite 
materials can make it hard to figure out the thermal and physical properties of the 
composite. Utilizing Infrared thermography, scientists have discovered quantitative 
solutions for deciding certain properties of composite materials such as thermal diffusivity 
and thermal expansion. These parts are prone to impact damage, delamination, fiber dis-
bonding, inclusions, porosity, and water ingress. Impact damage is a hard issue to figure 
out by inspection in composite structures since there might not be any noticeable surface 
damage present depending upon the energy of the impact. Localized delamination can be 
found in the impacted area and obviously appear on thermography images. As each surface 
have different level of absorption and emitting power, emissivity is the material property 
used to evaluate this distinction. Most composites luckily have a high emissivity value, 
which is one of the reasons that thermography yields great results in composite testing. 
Unpainted carbon fiber composites have high emissivity values, ranging from 0.90-0.97 
[7]. 
S. Gholizadeh [100] provided a thorough review of NDT methods for the evaluation of 
composites. Lock-in infrared thermography using mid-wave high resolution camera is an 
attractive method for NDT because of its imaging capability. The limitations of infrared 
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thermography to detect the damages in fiberglass piping are still under evaluations by 
scientists and engineers in oil and gas industries. For deep defects and thick fiberglass 
sections, lock-in thermography is recommended as it revels the damages for subsurface 
defects. This type of thermography is based on continuous application of heat on the 
fiberglass samples and then capturing the thermal images. T. Lisle et al. [124] used infrared 
thermography to perform an energy balance, which enabled the visualization of the portion 
of dissipated energy caused by matrix cracking in woven fabrics. They found that when 
the resin is subjected to pure shear, a larger amount of energy is stored by the material, 
whereas when the resin is subjected to hydrostatic pressure, the main part of mechanical 
energy is dissipated as heat. Some literature recommends painting the surface of the 
fiberglass to be inspected by layer of thin coat of black, water-soluble paint, to improve the 
heat absorption at the surface and minimize the reflection of other heat sources present in 
the vicinity of the inspection area. For optimal detection of defects using the thermography 
technique, it is well established that the depth of the defect must be less than the thermal 
diffusion length [125]. The thermal diffusion length, z, is related to the thermal 
conductivity of the material, k, density, p, lock-in frequency, f, and specific heat 




The ability to detect defects within the object depends on the heating time used. 
Equation (1) can be used only for single layer where the manufactured samples that was 
used in this study has 10, 20 and 30 layers of fiberglass materials with different stacking. 
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So, the calculation of the thermal diffusion length is not a straight-forward task whose 
properties and thickness are different. So, many tests were conducted at different heat 
exposure time, to come up with the optimal testing conditions that can be used reliably to 
detect the thinning of fiberglass plates. These trails were made to ensure that at least one 
of the exposure heating time provides effective detection. In contrast to the lock-in 
thermography, flash thermography can be used only for screening of large and thin 
fiberglass components which is not the case for fiberglass pipeline installed in high 
pressure oil and gas network where the thickness of the pipe wall can reach 12 mm. In flash 
thermography, a component is flashed with a heat lamp and an infrared camera captures 
the temperature on the surface where the defects can be seen on the surface as hot spots. 
Several complication factors can affect the performance of infrared thermography 
as an NDT tool for damage detection. These factors include; lamp non-uniformity; the 
inferred camera parameters, structure emissivity. Moreover, the quality of the composite 
which includes fiber volume fraction, ply layup and the presence of any porosity can 
drastically affect the thermography effectiveness. These factors along with others shall be 
considered so the damage characterization can be done properly. 
T. Chu et.al. [127] conducted a study to determine the optimal inspection 
parameters such as range and time for finding defects in carbon/epoxy composite panels 
using infrared thermography imaging. They came up with an innovative method for 
automatically selecting these parameters for evaluating composites based on a series of 
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finite-element models. In thermography inspection, the specimen is first heated to a certain 
temperature that is not high enough to damage the specimen. Mostly, a short laser pulse is 
sufficient. Then an infrared camera is used to capture thermal images of the specimen 
where the special and temporal temperature distribution is recorded. Since cracks, defects, 
and delamination are a source of discontinuity, the heat flow is disturbed when the 
specimen is heated, and the thermal images can reveal the location and time of crack 
initiation as well as any hidden failures in the specimen [128]. Montesano et al. [129] used 
thermography to analyze the fatigue performance and damage states of CFRP composites. 
The thermographs in their study were used to capture the degradation of the material 
properties, and to monitor the damage mechanisms causing the degradation. Maier et al. 
[130] and Santulli [131] used infrared images to capture the failure of laminated composites 
used in automotive industry under impact tests. Thermography proved to be reasonably a 
good economical option for damage detection for automotive parts. Sisodia et al. [132] did 
the characterizing of the void homology in composite materials using tomographic imaging 
by both micro-focus radiation and synchrotron radiation. 
Z. Liu and Y. Kleiner [106] reviewed the high-tech inspection techniques and 
technologies to assist the condition of water distribution systems. They mentioned in their 
paper that thermographic testing does not work for poly pipes and GRP, PVC/uPVC, PE. 
K. Diamanti and C. Soutis [123] reviewed the existing inspection techniques and they 
described examples where wave based scanning using lamb techniques have been utilized 
to figure out internal damage in multilayered composite structures. S. Bagavathiappan et 
al. [121] discussed in detail various conditions monitoring applications, along with some 
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basics of infrared thermography (IRT). M. SchoBig et al. [133] investigated the 
mechanisms of damage for both short glass fiber reinforced polypropylene (PP) and 
polybutene-1 (PB-1) materials. They stated that the video thermography has become 
recognized method in material research and development, and essential for failure analysis. 
G. Wrobel, G. Muzia and S. Pawlak [134] found relationships between the results of the 
thermal NDT and the fiber constituent of composite carbon/epoxy. The results of the 
experimental work discovered a relationship between fiber constituent and temperature. 
2.9 Computed Tomography (CT) Scan 
Failure analysis of engineering equipment and materials can be performed on a wide 
range of scales starting from eye inspection to the nano-level. The range of these 
inspections can aid in characterizing the damage into different categories and types that 
can shed more light into the causes of the failures and how to avoid it or repair it. Different 
techniques are used in damage characterization and a variety of testing equipment can be 
used. The most common techniques are Acoustic Emission (AE), Computed Tomography 
Scan (CT), Scanning Electron Microscopy (SEM), and Thermography. A common 
application that needs such testing techniques is composite pipes. The reason is these pipes 
are made of fiber layers where the damage could occur either at the surface or within the 
layers, in which it cannot be inspected by the naked eye. Usually composite pipes are tested 
under impact loading then one or more of the mentioned techniques could be used to 
inspect the damage and failure [135]—[137]. 
43 
CT scan can be used for engineering and scientific purposes. It is a nondestructive 
technique to capture the internal and external 3D structural geometry of components using 
X-rays. One of the main utilization for CT scanning is the detection of flaws and failure 
investigation. The image of the CT scan is ordinarily called a slice. CT scan compares to 
a specific layer of the object being scanned. Thus, while the digital image is made out of 
pixels (picture elements), a CT scan image is made out of voxels (volume elements). This 
procedure of image reconstruction utilizing slices is called "Tomography" [138]. 
I. Amenabar et al. [100] analyzed the detection capabilities and performance of X-ray 
CT techniques for the inspection of E-glass/polyester and E-glass/epoxy blades with 
delamination defects. They concluded that X-ray CT has clear potential for NDT inspection 
of composite materials where the performance of this technique is largely dependent to the 
thickness of delamination and to the parts size. M.E. Ibrahim [10] critically assessed the 
advances reported in the NDT including CT scan of thick-section composites (structures 
of thickness above 15 mm), and identified future research opportunities to overcome the 
limitations of existing technologies. Rique et al. [114] used high energy X-ray micro-
tomography to study the voids exhibited at glass fiber-epoxy adhesive joints with a specific 
end goal to limit failures because of low adhesion of the joints. The outcomes demonstrate 
its powerful potential in perceiving and evaluating all the occlusions regions presented at 
adhesive joint specifically in 3D. K. Weight [139] provided details about nondestructive 
testing using Computed Tomography (CT) images to investigate damage modes present in 
impacted thick composites. He also presented a proposal for separating the different 
damage modes corresponding to damage types such as matrix cracking, delamination and 
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fiber breakage. Lambrineas et al. [140] effectively exhibited the utilization of an in-service 
medical X-ray computed tomography (CT) body scanner to characterize a section of the 
glass-reinforced plastic and foam sandwich composite material of total thickness 78 mm. 
It was possible with the CT technique to identify the structure of the composite, including 
density variations in the foam and adhesive materials. Shear cracks caused by impact test, 
air pockets within the composite and test drill holes were also obvious. A. S. Wu et al. 
[141] presented a resistance-based sensing method utilizing an electrically conductive 
carbon nanotube film in a fiberglass/vinyl ester composite where damage within the 
composite specimens is confirmed through x-ray micro-computed tomography imaging. P. 
Liu et al. [142] reported the successful characterization of glass-fiber composites using 
low-coherence interferometry, a hybrid optical coherence tomography (OCT) system 
where the cross-sectional and volumetric images obtained clearly show delamination in the 
composites. A. Stocchi et al. [18] investigated, using CT scanning, the physical aging of 
glass/epoxy composite pipes used for oil transport were with special attention to its effect 
on the flexural and impact behavior. 
2.10 Composite Repair 
Composite repair is an engineered solution that can be used to rehabilitate 
internal/external corroded metallic piping component and structures. Similar repair 
systems are also used for composite materials. Composite repair is a wet lay-up system that 
is applied by hand where the fiber is immersed on the resin and then directly applied over 
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the area of defect. The composite repair is normally made from the following combination 
of materials: 
• Fibers: Carbon or Glass 
• Resin (matrix): Epoxy and hardeners 
• Primer: Adhesion 
They are used mainly as a repair method for piping systems, pipelines, vessels, tanks 
and structures. Piping bends and tees, beams, struts, floors, roofs and splash zone are some 
of the specific examples of such components that can be also repaired by composite 
warping. They can be used for internal/external defects (such as corrosion pits, dents) as 
well as for through wall defects (leaks). It worth mentioning that, the application of a 
composite repair for internal defects and through wall defects will not stop internal 
corrosion so during the design of the repair the designer assume that that pipe internal flaw 
will grow through wall during component lifetime. Composite repair application for 
external defects will prevent any further corrosion. There are several advantages of 
composite repairs which include: no hot work permits are needed to commence the job, it 
can be applied while the line is live, and once it is applied it is considered corrosion 
resistant, significant cost saving when it is compared with total component replacement or 
any other metallic repair. Moreover, composite warp can be used to repair most type of 
defects and for most service oil and gas conditions and applications. 
Composite repair is regulated by the international standards. ASME PCC-2 Part 4 
Articles [143] and ISO/TS 24817 [144] are the main standards for pipework and pipelines 
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composite repair while CIRIA RP 645 is adopted for beams structure repairs using 
externally bonded fiber reinforced polymers. For tanks, vessels and circular struts, ISO/TS 
24817, BSI BS 5500 may be consulted. During the design phase of the composite repair, 
the engineer should consider the following so he can provide the recommended repair 
thickness and length: 
• The repair strength in all direction. 
• The adhesion strength so the repair remains bonded to the surface. 
• The extent of the repair to ensure load transfer between pipe substrate and the 
repair. 
Surface preparation is most critical step for successful repair. Surface preparation 
procedure shall be established based on the component condition and environment. 
Measurement of surface roughness can be considered one of the measures for correct 
surface preparation based on the standard requirement before the application of the repair 
system. ASME B31.4 [145] allows the use of composite wrap as a permanent repair for 
internal and external corrosion up to 80% wall metal loss. The performance of the repair 
is controlled through the adhesion of the repair to the substrate. So, the repair must be 
applied by trained installers. 
Advanced composites can extend the life of the carbon steel pipeline through the 
external and internal rehabilitation of the corroded sections, and prevent corrosion 
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progression. H.S. da Costa-Mattos et al. [146] analyzed using epoxy repair for metallic 
pipelines undergoing elastic or inelastic deformations with localized corrosion damage that 
hinder the serviceability. They presented a simple approach to define the required thickness 
of the composite sleeve to ensure safe operation of the corroded pipelines. For the case of 
trough-thickness damage, their proposed repair approach was intended to affirm a 
satisfactory utilization of the epoxy filler in such a way the pipe won't leak after repair. 
They likewise introduced cases concerning the utilization of repair system in diverse 
damage circumstances. The thermal and mechanical properties of the grouts are very 
important to their potential application as infill materials in structural repair. M. 
Shamsuddoha et al. [147] examined the thermal and mechanical behaviors of five epoxy 
based grouts, to recognize their prospects as a composite's part repair for steel pipelines. 
They decided the thermal alongside with mechanical properties of these grouts and their 
failure behavior was likewise seen to comprehend their performances in distinctive loading 
conditions. The effect of the fillers addition on the thermal properties was likewise decided. 
They inferred that the grout's determination should be based on the performance necessity 
of the rehabilitation in which the grout will be utilized. C. Alexander and 0.0. Ochoa [148] 
proposed creative design in view of integrated computational models and full-scale tests 
that address the suitability of reinstating capacity to pipelines and risers in offshore. Their 
trial project depended on a collective test matrix created with the investment of composite 
repair producers. The result guided and prompted an effortlessly deployable carbon—fiber 
composite repair system which depended on limit analysis methods and strain-based design 
strategies. 
48 
Unfavorable environment and mechanical damage in pipelines has been 
investigated by specialists to discover different choices to keep them functional by 
distinctive repair systems. M. Shamsuddoha et al. [149] gave an extensive review on the 
utilization of fiber-reinforced polymer composites for in-air, underground and submerged 
pipeline repairs. J.M. Due11 et al. [150] described a few distinctive defects geometries 
representing corrosion patches on steel pipe utilizing FE analysis by altering the 
circumferential length of the defect. They modeled the pipe containing these deformities 
alongside the composite structure repairs and the outcomes were compared with field tests 
to validate the repairs' effectiveness. They found that the defect width around the 
circumference had little effect on the ultimate rapture pressure of the repaired vessel, 
however it impacted the stress state in the pipe substrate. 
Composite wrapping around the pipe defected is a recent method in the pipe repair. 
ISO- 24817 [144] and ASME PCC-2 [143] are the only available design codes for the 
design of this repair system. N. Saeed et al. [151] modelled a range of design scenarios 
using analytical equations and finite element method, to assess the validity of including 
live pressure in the design. Their results indicated that the repair thickness is independent 
of the live pressure, and hence they proposed an appropriate modification to the existing 
design equation of ISO/TS 24817 and ASME PCC-2. 
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When a system repair field is selected to restore the integrity of a pipeline system, 
the pipeline owner has several options to choose for the repair. A composite wrap is one of 
the options that may be considered during repair. The suitability of using a novolac-based 
epoxy as the reinforcing polymer resin shall be carefully studied. Larry Deaton [152] 
presented the findings of a series of experiments that was conducted to identify the 
resistance of a novolac-based epoxy resin and bidirectional E-glass fabric architecture 
commonly used in FRP repairs and reinforcements of steel pipes transporting an array of 
chemicals used within the petrochemical and refining industry. He concluded that E-glass 
fibers and novolac-based epoxies are an excellent candidate for repairs on piping systems 
for the fluids that he investigated. Chris Alexander [153] provided rules to utilizing 
composite repair systems for pipelines repair, and what data is expected to appropriately 
assess how composite materials should be utilized to repair high pressure pipelines. He 
additionally discussed the vital components that should be assessed for every composite 
repair system. 
ASME PCC-2 [143] and ISO 24817 [144] helps considerably in the designing of 
composite repair. ASME PCC-2 is the governing standards for pressure equipment and 
piping that includes repair articles on welded repairs, mechanical repairs, nonmetallic, 
bonded repairs, examination and testing. Article 4.1of ASME PCC-2 covers two aspects 
of composite repair systems for high risk applications. These aspects are: material 
qualification and repair design methodology. This article applies to two repair situations, 
corrosion defects and defects with leaks. Article 4.2 of ASME PCC-2 covers the low risk 
applications. MS Amanda Hawkins et al. [154] described testing of composite repaired 
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pipes with long axial flaws of various lengths. Variables, including repair thickness, width, 
and geometry, were also investigated. Two pipe diameters have also been tested to 
investigate the effects of substrate stress on the repair performance. They found that the 
current design methodology as presented in ASME PCC2-2011 Article 4.1 for the design 
of composite repairs of long flaws does not address either the effect of substrate 
deformation or the length of the flaw. D. Hill and others [155] investigated the impact of 
the corrosive conditions on the composite repair system performance with particular 
pipelines case studies. Their testing program gave knowledge concerning the impacts of 
cathodic protection, long-term immersion, and soil corrosivity. They found that the tested 
composites indicated vulnerability of the polymer resin matrix to cathodic dis-bondment 
and degradation in alkaline environments. 
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CHAPTER 3: COMPOSITE PIPES IN HYDROCARBON SERVICES: 
APPLICATIONS AND CHALLENGES 
3.1 Introduction 
The ultimate goal of any oil company is to safely operate and efficiently maintain their 
components. This can be done by having all piping network suitable for the current 
throughput, fulfilling the challenges of maturity of the field and protected against corrosive 
environments to mitigate hydrocarbon leak risks to populated areas and sustain production 
in a timely. Oil and gas industries experienced serious corrosion problems in their pipelines 
credited to the presence of carbon dioxide (CO2) and hydrogen sulfide (H2S) and various 
levels of water cut. Repair and replacement of pipelines, by some estimates in 2003, costs 
the U.S. economy around $9,860 per kilometer where 52% of this estimate was spent on 
maintenance and 38% on replacement of corroded aging pipelines. 
The growth of composites in energy industries has been very evident after satisfactory 
service in the aerospace and transportation industries. Composites are one of the 
remarkable material changes of the twentieth century. Oil and gas industries prompted this 
effort to enable the selection of composites with widespread as an economic alternative to 
traditional metallic materials for utilities and low-pressure services. Advanced polymer-
matrix composites combine glass or carbon reinforcing fibers with a vinyl ester, epoxy or 
phenolic. Composites are complex materials, mostly because of the anisotropy affected by 
the reinforcement. At the point when polymer matrix composites are viewed as this 
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bond or cross-link with one another when heated. While thermosetting plastics cross-link, 
the molecules make a permanent, three-dimensional network that can be viewed as one 
giant molecule. Composite materials have incredible strength capability with outside and 
inside corrosion resistance. They are light in weight with exceptionally smooth internal 
pipe surface for higher flow rates. Figure 2 shows the advancement of materials with time. 
Composites are one of the considerable material improvements of the twentieth century. 
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Figure 2: The Evolution of Engineering Materials with Time [156] 
Fiber-Reinforced-Polymer (FRP) systems, also known as Fiberglass, Reinforced 
thermosetting Resin (RTR) pipe, Glass Reinforced Polymer (GRP) pipe or Glass 
Reinforced Epoxy (GRE) pipe systems, introduced in the 1960s have been utilized only 
corrosion resistance [2]. Fiber-Reinforced-Polymer (FRP) composite pipe is a composite 
material framed from thermosetting epoxy resins with continuous fiberglass fiber 
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reinforcements. Fiber-Reinforced-Polymer (FRP) composite channels is produced in a 
filament winding process, which applies continuous lengths of fiberglass fibers that are 
wetted with epoxy to a steel mandrel in helical angles. The epoxy resin is heated to cure at 
temperatures above the recommended working ranges for the item. The subsequent FRP 
pipe displays high strength combined with incredible chemical resistance. Compared with 
metallic pipes, FRP pipes in industrial applications have poor impact resistance. A full 
comprehension of all system variables on the impact resistance is vital to undertake 
appropriate steps in the design of composite pipes and in the decision of materials to 
minimize the impact damage. 
The oil and gas industries have long been utilizing metallic for their pipeline 
systems, yet these are ineffective against internal and external corrosion, particularly in 
severe environments. These days, oil and gas industry are utilizing FRP pipes as a part of 
different tasks for various low-pressure applications including salt water disposal lines, 
chemical processing pipes, fuel lines, fire protection lines, seawater cooling system, sewer 
and waste systems and water injection pipelines. 
The primary objective of fibers in any composite components is to increase the 
structural strength of the composite while maintaining the low weight of the overall 
composite structure. In FRP pipes, the fibers continuous high-performance glass filaments 
for filament winding manufacturing process. Glass strands are much less expensive than 
carbon or Kevlar, and in this manner, are generally utilized regardless of having lower 
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stiffness than carbon and lower strength than Kevlar (glass represents 98% of the fiber 
market). Many types of glass fibers are there in the market and can be used for 
manufacturing FRP pipes. These glass fibers include S-, S-2, R- and T-glass. The current 
widely used type of glass are S-glass and S-2 glass. Sizing and the quality controls 
procedures are the only two aspects of difference in S-glass and S-2 glass. S- and S-2 glass 
have a tensile strength of 35-40% higher than E-glass while their tensile modulus is higher 
that E-glass by 18 to 20% [4]. Lower cost, high impact and tensile strength and chemical 
resistance are the significant benefits of glass fiber. Be that as it may, the low modulus, 
higher fiber abrasiveness, low fatigue resistance and poor adhesion to matrix resins are the 
drawbacks of these type of glass fibers. Such poor adhesion can be overcome by proper 
sizing of the glass fiber surface. Other disadvantages shall be explored more to find 
solutions for them. The stiffness of glass fiber reinforced polymer (GRFP) is constrained 
by the generally low modulus of the glass fibers. The matrix material restricts the working 
environment to under 120° C. Short, irregular fibers can give a tensile strength of just about 
half that of the corresponding continuous fiber at an extensively corresponding continuous 
cost. 
Figure 3: Multi-layered filament-wound composite pipe with 0 winding angle 
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The technique that is generally used for manufacturing FRP pipes is filament 
winding. It is a basic process where continuous lengths of FRP pipes can be manufactured 
with diameter ranging from 0.3 to 3.5 meter. In this process, the glass fiber is continuously 
drawn through a bath of resin to impregnate them. The impregnated glass filament fibers 
are then wound under tension round a mandrel. The feed head of the impregnated fibers 
supplying the roving to the mandrel traverses backward and forward along the mandrel. 
The mandrel might consolidate a few methods for heating the resin utilizing either 
electrical heaters or provision for steam heating. Something else, the completely wrapped 
mandrel and laminate might be transferred to a curing oven for curing. Keeping in mind 
the ultimate goal to produce a resin-rich, corrosion resistance internal lining of the FRP 
pipe, the mandrel might be wrapped with a surfacing tissue followed by a couple layers of 
chopped strand mat or woven tape preceding fiber winding. This first layer is normally 
permitted to cure somewhat before winding initiates to keep the resin from being crushed 
out into the principle laminate. The mechanical properties of the helically wound part 
depend emphatically on the winding angle. For a mandrel with circular cross section, 
spinning with a consistent rotational speed of N cycles every minute and a steady carriage 
feed of V, the winding angle (Figure 3) can be calculated as per equation 2 where r is the 




From materials perspective, epoxies are thermosetting polymers with great mechanical, 
electrical and adhesive properties and great heat and chemical resistance. They are utilized 
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as matrix resins as a part of composite materials since they give high-strength holding of 
dissimilar materials. The addition of fillers gives epoxies enhanced machinability, 
hardness, impact resistance and thermal conductivity where the thermal expansion and 
mold shrinkage are both decreased. Most epoxies are shaped by the mix of bisphenol-a and 
epichlorohydrin in the presence of a catalyst. Catalysts incorporate amines and acid 
anhydrides. The type of catalyst, which additionally influences the properties of the final 
product, controls the curing temperature, ranging from room to high temperature. Phenolic 
is the contending materials for epoxies. It was commercialized in 1909, which was a 
revolution in composite product design. They are stiff, chemically steady, have great 
electrical properties, are fire-resistant and simple to form and they are cheap. Phenolic 
resins are hard, endure heat and oppose most chemicals except for the strong alkalis. At 
the point when Phenolic resins filled with glass the mechanical strength increases and there 
is enhancement in the chemical resistance. They have great creep resistance, and they self-
extinguish in a flame. They have extraordinary durability, chemical resistance and bearing 
properties. Phenolic can be painted, electroplated, and melamine overlaid. Phenolic, 
similar to all thermosets, can't be reused. Phenolic resins are framed by a condensation, 
generating water simultaneously, including a reaction between phenol and formaldehyde 
to form the A-stage resin. Fillers, colorants, lubricants and chemicals to cause cross-linking 
are added to frame the B-stage resin. This resin is then intertwined under heat and pressure 
changing over to the final product a c-stage resin — or totally cross-linked polymer [5]. 
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To think out of the box and to come up with a novel design of FRP pipe that can 
withstand high pressure is to reinforce with the continuous helical glass fiber with chopped 
glass particles or with fibers generated from these molecules. Adopting such a technique 
during manufacturing will eliminate the thermal expansion problem, if other types of fibers 
or reinforced materials are used. Another option is to come up with a new polymer that 
fulfills the requirement for a challenging environment with high temperature and pressure, 
and at the same time will act as a fire retardant. 
FRP pipes are resistant to corrosion and prone to other deterioration generally caused 
by harsh corrosion environment. FRP pipes for high pressure hydrocarbon applications are 
continuing to increase with slow progress because of lack of confidence, which is a big 
barrier for an engineer to specify something that he is not familiar with. They are 
manufactured with threaded connections to be used in high pressure hydrocarbon services 
at some extent. This lack of confidence was created due to several limitations. Successful 
implementation of composite pipes in hydrocarbon applications requires critical technical 
issues to be addressed such: 
• Low velocity Impact Resistance 
• Fire and high temperature Resistance 
• Nondestructive Testing (NDT) 
• Operation Envelope Limitations 
• Hot tapping Limitations 
• Moisture Absorption 
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As mentioned above, impact is one of the major limitations for using nonmetallic pipes 
in oil and gas operations. Nonmetallic pipes made of nonmetallic materials have been 
found to possess lower impact resistance than their metallic counterpart. Impact damage 
can be caused by factors such as during transportation, natural calamities, during 
installation. Long-term exposure to sunlight can result in nonmetallic materials 
discoloration, becoming brittle and bending or bowing as a result. Also, exposure to low 
temperatures can cause nonmetallic materials to become brittle and more susceptible to 
cracking and fracturing. Temporary solutions are application of a coating to cover the 
cracks or filling the holes with ceramic material. Long-term solution involves the use of 
hybrid and multilayer nonmetallic materials reinforced of impact resistance fibers such as 
carbon fiber or Aramid fibers (Kevlar fibers). The inclusion of UV stabilizers in 
nonmetallic materials can minimize UV-induced environmental cracking. Other textile 
fiber materials (Figure 4) can be considered to improve the mechanical and physical 
properties of the FRP pipes as there are many of them exist. 
?oly,  
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Figure 4: Textile fiber types and their classification [8] 
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Type of pipe jointing system is considered one of the major limitation for the use 
of composite pipes in high pressure hydrocarbon services. The negative stories that end-
users are always reading about composite pipes were seen to affect choices for utilizing 
composite pipes in challenging environment. To remake the trust in composites, through 
research in the jointing system for composite shall be explored. Composite industries, oil 
and gas producers and universities shall put more commitment in establishing standards 
that safeguard composite pipes and help achieve their full potential. The establishment of 
effective standards will influence the market to pursue composites with more confidence. 
Once these limitations are tackled, composite pipes will turn into a vital piece of oil and 
gas industry in the coming near future. New advancements in the materials and 
manufacturing processes opened new opportunities for composite to compete with metals 
and they may allow the materials engineers to switch to composite. 
The following sections explored the attributes, production procedure, design 
guidelines, standards and pertinent areas of composite pipes utilized as a part of high 
pressure hydrocarbon applications. Gaps are additionally talked about with a specific end 
goal to bridge them. 
3.2 High Pressure FRP Pipe Manufacturing and Qualification 
Fiber-Reinforced-Polymer (FRP) composite pipe is manufactured by a filament 
winding machine using thermoset resins and continuous glass filaments. Filament winding 
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with wet winding method is a high rate process in which a continuous fiber web is placed 
on a rotating mandrel. It is also a highly repeatable process that can manufacture thick wall 
and large pipe. Filament winding process is still in use since the mid-1940s. 
The governing standard for high pressure FRP piping is API HR 15 which specify a 
maximum pressure rating (MPR) up to 3000 psi for up to 4", 2500 psi for up to 6" and 
2250 psi for up to 10". Pipes and fittings for high pressure are manufactured based on 
epoxy resin cured with cyclic aliphatic amine for temperatures up to 75°C and aromatic 
amine for application temperatures up to 99°C. The type of reinforcement used to 
manufacture the pipe is E-glass with coupling agent compatible with the epoxy resins. The 
fittings are manufactured using a combination of fiber arrangements, roving E-glass strand 
and two types of woven roving. The fiber layer distribution depends on the type of fitting 
and pressure rating (wall thickness). The pipes are fabricated with two different types of 
threaded joints (integral or coupling) API 5B EUE 8rd joint. The pin thread is manufactured 
by machining the end of the pipe and the box thread is molded during the filament winding 
process. After winding, the pipes and fittings are post-cured at 150°C for at least 3 hours 
to obtain the minimum required curing with Tg values of 130 °C. Following are the 
international standards that are normally adopted for this kind of pipes: 
• ASME B31.3 
• API 15 HR: Specification for High Pressure Fiberglass Line Pipe 
• API 15 LR: Specification for Low Pressure Fiberglass Line Pipe 
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• ISO 14692: Petroleum and natural gas industries -- Glass-reinforced plastics (GRP) 
piping 
• AWWA C950 
Fiber-Reinforced-Polymer (FRP) composite pipes for high pressures shall be 
manufactured accordance to API 15HR standard where the following test shall be 
conducted: 
• Tensile properties determined in accordance with ASTM D-638. 
• Compressive properties, strength and modulus, determined in accordance with 
ASTM D-695. 
• Izod Impact, determined in accordance with ASTM D-256. 
• Coefficient of thermal expansion, determined in accordance with ASTM C-177. 
• Barcol Hardness, determined in accordance with ASTM D-2583. 
• Glass Transition Temperature, Tg, of fully cured grating in accordance with ASTM 
D-5028. 
• Fiber content, as determined by ASTM D-2584. 
• Ultimate Flexural Strength Requirements in accordance with ASTM D-790. 
• API 15 HR Specification for High Pressure Fiberglass Line Pipe. 
• API 15 LR Specification for Low Pressure Fiberglass Line Pipe. 
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• ISO 14692 Petroleum and natural gas industries: Glass-reinforced plastics (GRP) 
piping. 
3.3 Advantages of Using FRP Pipes for Hydrocarbon Application 
There are several benefits associated with the successful utilization of FRP piping for 
high pressure crude pipelines, the following benefits are expected: 
• Providing more options for cost effective nonmetallic solution 
• Resolving the chronic corrosion problem of the traditional metallic pipeline 
• Enhancing the integrity of the crude piping system 
• Reducing material cost 
• Reducing maintenance cost 
• Prolonging the life expectancy 
• Reducing pipes weight 
• Improving handling safety 
Material selection in industrial applications are normally optimized, considering 
investment and operational costs, such that Life Cycle Costs (LCC) are minimized while 
providing acceptable safety and reliability. Carbon steel as example durable if it placed in 
non-corrosive environment but it has high maintenance costs due to their corrosion in case 
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if the environment contains water and if there is no coating or painting and cleaning are 
considered during design and operation. This ability to provide long-term performance 
with a minimum of downtime and cost associated with maintenance is determined by 
calculating the material's life cycle cost (LCC). Life cycle costing (LCC) is a technique 
developed for identifying and quantifying all costs, initial and ongoing, associated with a 
project or installation over a given period. LCC uses the standard accountancy principle of 
discounted cash flow, so that total costs incurred during a life cycle period are reduced to 
present day values. This allows a realistic comparison to be made of the options available. 
As far as material selection is concerned, LCC enables potential long-term benefits to be 
assessed against short-term expediency. 
Materials costs are assessed with their implications, for example initial outlay, 
maintenance and its frequency, downtime effects, production losses, repair, replacement, 
and other operationally related costs such as manpower and energy consumption. The LCC 
model is more than a philosophy of forward-thinking. It has been refined to a detailed 
system of specific calculations; comprehensive LCC software is available, to aid decision 
makers to compare accurate forecasts that have taken all the pertinent factors into 
consideration. In general terms, the total LCC can be broken down into components per 
equation 3: 
LCC = Acquisition Cost + Fabrication and Installation Cost + 
Maintenance Costs (periodic) + Replacement Costs (periodic) + Cost of 
Lost Production (periodic) — Residual (Scrap) Value. 
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The use of FRP pipes for crude lines will provide excellent protection against 
corrosion and will extend the piping lifespan to at least 30-50 years compared to the 25 
years lifespan of the current carbon steel piping system per industry rule of thumb. FRP 
piping system in hydrocarbon applications will greatly improve the system integrity by 
eliminating the chronic corrosion and continuous maintenance work. The table below 
summarizes the comparison between FRP and carbon-steel in general. 
Table 1: FRP vs Carbon-Steel Materials 
Fiber-Reinforced Polymer (FRP) 	 Carbon Steel 
Weight 
Conductivity 
Excellent Corrosion Resistance 	 Low Corrosion Resistance 
Can be designed to suit most chemical 	Subject to oxidation and corrosion. 
environments. 	 Requires painting or galvanizing. 
Lightweight 	 Extremely Heavy 
(Up to 80% lighter than steel & approx. 30% 	Requires heavy lifting gear to 
the weight of aluminum) 	 maneuver. 
Non-Conductive 	 Conducts Electricity 
Corrosion 
Resistance 
No earthing required. 	 Earthing required. 
High Strength 
Strength 
	 High Strength-to-Weight Ratio 	
Heavy in weight to achieve its high 
Stronger than steel on a kg-for-kg basis. 
strength properties. 
Easily Field Fabricated 	 Fabrication more Complex 
Fabrication 	
Can be easily field fabricated using simple 	Often requires welding and cutting 
carpenter tools with carbon or diamond tip 	torches. Heavier material requires 
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Fiber-Reinforced Polymer (FRP) Carbon Steel 
 
blades. Lightweight for easier erection and special handling equipment to erect 
  
installation. 






Constant Maintenance Required 
Due to rust, damage, or re-painting. 
High cost implications. 
  
FRP has a design life of 30-50 years. 
Long Term Cost Savings 
	
Low Cost, High Maintenance 
Cost 
	Lower installation and maintenance costs in 
	Lower initial material cost, however 
industrial applications = very low lifecycle 	costly to maintain. High lifecycle 
costs. 	 costs. 
3.4 Challenges 
Several challenges are encountered in the current oil and gas upstream piping network. 
Existing upstream pipelines cannot accommodate the current and future decline of oil rate 
in terms of pipe design. The existing pipelines were designed to handle a much higher oil 
rate adequate for their sizes. The current pipes are not suitable for the current decline in oil 
rate, where their sizes are large enough to cause a very low fluid flow and cause phase 
separation. The original design input of all crude lines being bare metal pipes with no 
corrosion protection means is obsolete, and this was based on the transfer of dry crude. 
They are not designed to carry water wetted media. Higher water cut coupled with low 
fluid velocity of the produced oil has resulted in water-wetting conditions inside these lines, 
which were not adequately addressed by the original design. This made these lines 
vulnerable to internal corrosion and leaks [157]. 
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Currently, the existing carbon steel crude pipelines are continuously experiencing 
severe corrosion due to aggressiveness of the environment since the crude oil from the 
wells contains high water cut that comes with the oil from the field. The high corrosion 
rate of the carbon steel crude pipelines is jeopardizing the community integrity and safety 
since some of those lines are near communities and under major railway and expressways. 
So, the application of the composite piping through the utilization of FRP piping for crude 
pipelines will solve the above-mentioned problems. 
Figure 5, that was reported by John J. Baron [14], provided failures summary by cause 
of reinforced composite pipeline in Alberta. The figure is self-explanatory. Installation is 
one of the major factor contribute to the failure of the composite pipes. Damage related to 
installation failures can take many forms because of inadequate ground support, inadequate 
methods of anchoring, pipeline impact and improper backfilling practices. 
40 
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--ilk— Internal Corrosion 
-a-  External Corrosion 
- Damage by Others 
—04— Miscellaneous/ Pipe Failure 
—OR— Construction Conine/ Installation 
--410— Mechanical or Valve/Fitting Failure 
- Weld Failure (Girth or Seam Rupture) 
Operator Error 
— Unknown 













Figure 5: Composite Pipeline Failure Causes [14] 
Table 2 shows the results of a survey (from 2011 tell 2014) conducted in one of the 
largest sea water treatment plants in the world. The survey was limited only on FRP pipes 
at various services as shown in the Table. It can be clearly noticed that cracking and 
detachments of the composite pipes are the major defects for process lines. 
Table 2: Historical FRP Pipes Failure Data 
Leak # Service 
Pipe 
Diameter 
Clock Position Defect Type 
1 SO2 8" Not Reported crack 
2 SO2 8" 6 Unknown 
3 Seawater 16" Not Reported detachment 
4 Sea Water 12"x14" 9 Unknown 
5 Seawater 16"X24" Not Reported detachment 
6 Seawater 12" Not Reported detachment 
7 Seawater 16-14" Not Reported detachment 
8 Air 4" Not Reported crack 
9 SO2 2 1 crack 
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Leak # Service 
Pipe 
Diameter 
Clock Position Defect Type 
10 SO2 10 11 to 1 crack 
11 Sea Water 24 7 Unknown 
12 Sea Water 24 7 Unknown 
13 SO2 l'/2" Not Reported dripping 
14 Quenching Water 8" Various Unknown 
15 Sea Water 1 '/2" Circumferential Unknown 
16 Sea Water 1 '/2" 12 to 6 Unknown 
17 SO2 Gas 12" Various Unknown 
18 Sea Water 4" Various Unknown 
19 Sea Water N/A Various Unknown 
20 Quenching Water 3,, Circumferential Unknown 
21 Sea Water 2" Various crack 
22 Sea Water 3,, Circumferential Unknown 
23 Sea Water 3,, 12 crack 
24 Sea Water 1 Y2" 3 to 12 crack 
25 Sea Water 4" Circumferential Unknown 
26 SO2 Gas 12" 3 to 12 crack 
27 Acid Water 4" 6 to12 crack 
28 Acid Water 4" Circumferential Unknown 
29 Acid Water 4" 9 to 12 crack 
30 Acid Water 4" 9 to10 crack 
31 Acid Water 4" 3 crack 
32 Fire Water 1" Circumferential Unknown 
33 Fire Water 1" 6 to12 crack 
34 SO2 Solution 6" 6 crack 
35 SO2 Solution 6" x 4 6 crack 
36 SO2 Gas 12" 3 to 7 adhesive failure 
37 SO2 Gas 12" 1 to 7 crack 
38 Sea Water 4" 6 adhesive failure 
39 Sea Water 4" 3 pinhole 
40 Quenching Water 8" x 6" Circumferential adhesive failure 
41 Quenching Water 4" Various adhesive failure 
42 Sea Water 1 V2" 12 pinhole 
43 Sea Water 1 I/2" Circumferential adhesive failure 
44 SO2 Solution 6" 1 
45 Fire Water 10 6 detachment 
46 Sea Water 16" Circumferential crack 
47 Sea water 14" Circumferential crack 
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Consequently, there are so many challenges that need to be addressed by industries as 
well as by the academic research institutions. These challenges are listed below: 
• Piping Joining Methods 
• Depending on the size of the pipe and service application, a variety of bonding 
techniques can be used for piping systems FRP such as: 
• Adhesive-Bonded Joints (examples are shown in Figure 6). 
• Reinforced-Overlay Joints (examples are shown in Figure 7) 
• Gasket-Sealed Joints 
• Mechanical Joints 
Industry standards such as AWWA M45 provide guidance on FRP pipe jointing design. 
Adhesively bonded taper/taper connections in filament composite pipe have substantial 
defect tolerance under long- and short-term loading circumstances [19]. This the reason 
why adhesive-bonded joints are not used for hydrocarbon services operating at .high 




Tapered bell and spigot joint 
Straight bell and straight 
spigot joint 
Tapered bell and 
straight spigot 
joint 
Figure 6: Adhesive-Bonded Joints [158] 
Overlay joint 	Tapered ends overlay joint 	Bell and spigot overlay 
joint 
Figure 7: Reinforced-Overlay Joints [158] 
Figure 8 shows a threaded type joint for 8-inch FRP pipe installed in crude line 
service where the cross section of this joint is shown in Figure 9. As can be clearly seen 
the pipes are connected by inserting the pin in the box with adhesive materials (gray in 
color). The connection for FRP pipe that is shown in the figure is made per API 5B standard 
with EUE 8RD thread design. For the connection between the nonmetallic to the metallic 
piping section, flanges with special design are usually utilized as shown in Figure 10. 
Figure 8: Installed 8-inch threaded joint at the field for one of crude flowline 
Figure 9: Cross section showing the threaded joint for 8-inch FRP pipes 
Figure 10: 8-inch Flange connection of nonmetallic to metallic piping 
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3.4.1 Hydrotesting the FRP pipe joints during Installation 
The integrity of the FRP pipeline will depend upon proper installation. For proper 
installation, handling and storing of the FRP pipe should be performed carefully. 
Hydrotesting is one way to check the integrity of the FRP pipes installed in the field. 
Hydrotesting the complete nonmetallic FRP pipeline after installation and discovering a 
leak in one of the joint is a time-consuming task, since the leaking joints shall be 
disconnected and replaced. One of the innovative tools that can be used to hydrotest 
nonmetallic high pressure FRP pipe joints for a pipeline project, is a tool that can be used 
to check the integrity of the pin-box joint as it is installed, before conducting a full hydrotest 
of the nonmetallic FRP line. 
3.4.2 Fire Resistance Limitations 
One of the main limitations of using nonmetallic when it is compare to metals is 
their poor resistance to fire/flame. It is well known and documented that when exposed to 
flame or fire that plastic melt, flows then combust, and release toxic smoke and gases. Its 
relatively high flammability of metals limits their use in pipes, tanks, vessels, valves and 
pumps components in which the tendency for fire to occur is higher at oil and gas gathering, 
transportation, and storage. There are various fire testing and rating standards (ISO, NFPA, 
UL, etc.) for nonmetallic-based products and these depend on the specific application and 
the risk level associated with that application. The fire resistance of nonmetal can be 
improved in two ways. One method is to introduce the material in the nonmetallic additives 
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(fire retardants) in the formulation and processing to enhance fire performance of 
fiber/polymer composite. The function of the additives in the case of fire is to interfere in 
the combustion process in a way that limits the damage of nonmetallic pipe. Another 
method is to create a rigid hybrid structure metal that composes of fire resistance metal by 
sandwiching the flammable FRP pipe or by using a fire-resistant metallic fiber embedded 
in the nonmetallic matrix. 
Table 3 list the recommended temperature limits for reinforced thermosetting resin 
pipe. 
Table 3: Recommended Temperature Limits for Reinforced Thermosetting Resin Pipe 









Epoxy Glass fibre -29 -20 149 300 
Phenolic Glass fibre -29 -20 149 300 
Furan Carbon -29 -20 93 200 
Furan Glass fibre -29 -20 93 200 
Polyester Glass fibre -29 -20 93 200 
Vinyl ester 	Glass fibre -29 -20 93 200 
3.4.3 Impact Resistance Limitations 
Impact loading is another real restriction of utilizing nonmetallic piping as a part of 
oil and gas operations. FRP pipes have been found to have lower impact resistance than 
their metallic counterpart. Impact damage can be brought on by variables, for example, 
during transportation, installation and if there are any natural disasters. It is most likely 
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comprehended that composites are easily damage by the out-of-plane loading, for instance, 
tool dropping and/or fall or dropping of the pipes. Right when no damage is seen from the 
visual examination of a composite pipes, out-of-plane loading, internal damage, and 
delamination, happen and degrade the material properties and fatigue life. In this way, it is 
important to clarify the mechanism of the damage initiation and progress induced by out-
of-plane loading, especially impact loading [160]. 
Prolonged exposure to sunlight can result in discoloration of nonmetallic materials 
where the materials will also be brittle that may bend or bow because of this exposure. 
Also, exposure to low temperatures can make the nonmetallic materials brittle and more 
susceptible to cracking and fracturing. Application of a coating to cover cracks or holes 
filled with ceramic material can be considered one of temporary solutions. Long-term 
solution involves the use of nonmetallic materials and hybrid multi-fiber reinforced impact 
resistance fibers such as carbon or aramid (Kevlar) fibers. Use of UV stabilizers that be 
included during nonmetallic pipe manufacturing can minimize environmental UV induced 
cracking. 
3.4.4 Nondestructive Testing (NDT) Limitations 
Nondestructive inspection and testing of metals is well established. For nonmetallic 
composites, this is not the case. The challenge with nonmetallic composites is that they are 
often non-homogeneous and anisotropic in nature. Pipeline operators are frequently 
looking to the integrity of their pipelines and hence, advanced NDT technologies and 
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measuring devices are being utilized for assisting the pipeline conditions. The defects in 
FRP pipes are almost common during pipe production, field handling and during the 
service of the FRP pipes. Most of the in-service failures in the FRP piping are due to joints 
fabrication defects. These types of defects sometimes cannot be detected using visual 
inspection or hydrotesting only. NDT becomes the only technique that provides a reliable 
image about the pipes or the joints conditions. Typical flaws or defects found in 





• Visible Impact damage (VID) 




• Matrix cracking 
• Fiber breakage, wrinkling or waviness 
• Environmental ingress 
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• Incorrect cure or incorrect volume fraction 
Acoustic Emission NDT method is widely used in detection of defects in fiber 
reinforced nonmetallic tanks, vessels, pressure vessels and piping network. Many other 
NDT methods are available in the market but they have limited application in real world 
cases. These other methods are through transmission, shearography, pulse-echo, low 
frequency radiography, ultrasonic, back scatter, acoustography, spectroscopy, acousto-
ultrasonics, and thermography. Lack of NDT standards is one of the major causes of lack 
of NDT devices in the market. NDT device handling requires experienced professionals as 
the results are very complex to interpret. Currently, the following tests are conducted on 
any received failed nonmetallic sample where some of these tests are destructive: 
• Visual Inspection (ISO 14692 [161]) 
• Hydrotest 
• Glass Transition (ASTM D3418 [162]) 
• Glass Content (ASTM D2584 [163]) 
• Wall Thickness (ASTM D3567 [164]) 
• Visual Inspection on Cut Sections 
• Visual Inspection on Burnt Laminate 
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It worth mentioning that for any composite joint testing at the shop, the hydrotest water 
is mixed with red or yellow dye to check for the leak path. 
3.4.5 Operation Envelope Limitations 
Narrow window of operation (temperature and pressure) is another limitation to the 
use of FRP piping in environments with very high pressure and temperature. Currently, 
FRP pipe is very popular for firewater, waste water, and seawater cooling systems at low 
pressure conditions. The change in temperature can lead to severely warping, expanding or 
collapsing of the nonmetallic materials. For example, nonmetallic pipes may extend to five 
times higher than steel due to temperature fluctuations. The presence of chemicals can 
further reduce this operating window but can also degrade the FRP pipes. High pressure 
can lead to premature failure causing leak due to bursting. 
Table 4 and Figure 11 show the design pressure envelope at different pipe diameter 
and applications for one of the largest Oil and Gas Company. These values are more 
stringent than the specified envelope per API 15HR [165]. We can clearly see that as the 
diameter of the FRP pipes increases, the pressure decreases which limits the FRP pipes for 
crude flow lines. Improving the operation window can be achieved through the 
development of novel materials, hybrid designs and improve the overall system design. 
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Figure 11: Pressure Rating vs. FRP Pipe Size for a Maximum Temperature Rating of 
212°F Applications ([165] & 01-SAMSS-042) 
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3.4.6 Hot tapping Limitations 
Hot tapping is the method of making a connection to existing pipe without the 
interruption or emptying that section of pipe and it is a common procedure in the oil and 
gas industry, done frequently on water, oil and gas pipelines. Hot tapping on FRP pipes 
still a challenge because the available methods that work with steel pipes depend on 
welding. Because of this challenge, a research and development work in collaboration with 
pipe manufacturers and research institutes is needed. 
3.4.7 Water Absorption 
The properties of FRP funnels can be influenced when exposed to the environments, 
specifically because of water absorption. Water may cause plasticization of the resin matrix 
and de-bonding of interfaces between the fiber and the matrix, essentially reducing the 
pipe' stiffness which prompt the pipe to loss its mechanical performance [166]. 
3.5 Conclusions 
To prevent failures, an aggressive maintenance and integrity program is necessary. The 
crude lines are currently facing tough challenges due to field maturing. If corrosion is 
permitted to continue in the oil and lines, the integrity will eventually be compromised. 
Moreover, corrosion can result in incidents that are more substantial if they are not detected 
promptly. Utilization of fiberglass piping network is one of the promising solutions for 
these hydrocarbon lines. Oil and gas facilities have shown interest in the use fiberglass 
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pipes as an alternative option for handling corrosive hydrocarbon production fluids. Oil 
and gas industries should maximize the use of fiberglass pipes to manage corrosion. 
Deploying such strategies will reduce the cost of corrosion, and enhance the integrity and 
reliability of the operators' facilities. More technological researches shall be conducted to 
increase the confidence in utilizing fiberglass piping systems. The prospects of fiberglass 
piping applications in high pressure hydrocarbon environments appear to be very bright. 
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CHAPTER 4: OVERVIEW OF FAILURE MODES, DAMAGE 
CHARACTERIZATION AND NONDESTRUCTIVE TESTING FOR 
NONMETALLIC MATERIALS 
Damage characterization of composite materials requires an investigative 
methodology and a wide knowledge of polymeric materials and a direct field experience. 
The purpose of this chapter is to provide methodology for performing damage 
characterization of nonmetallic products or parts (including composite pipes). A 
nonmetallic product or part failure is said to occur when the product or part is considered 
defective because it did not fulfill its intended function. Nonmetallic part or product may 
fail due to the following factors: 
• Manufacturing issues 
• Damage during installation 
• Unexpected service conditions 
• Product misuse 
• Out-of-customer specifications 
• Incorrect design 
• Material issues 
These elements can be characterized into one of four classes: 
• Material 
• Design, 
• Processing, and 
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• Service conditions. 
The nonmetallic material may fail due to: 
• Presence of Contaminants and Inclusions (Foreign Objects, Voids, Cracks, 
Blisters, and Other Surface Defects). 
• Mechanical Failure (Crazing, Fracture, Impact Loading, Fatigue, Wear and 
Tear). 
• Chemical or Microbial Attack. 
• Oxidative or Photolytic Degradation. 
• Weathering Impact (Environmental Stress Cracking, Residual Stresses). 
• Problems of Odor, Outgassing, Adhesion, Discoloration, etc. 
Table 5 shows various modes of nonmetallic materials failure and possible causes. 













Possible Causes 	  
Material strength exceeded due to extreme operational 
requirements (pressure, elevated temperature, load, etc.) or 
due to thermal ageing and fluid absorption. 
Decrease in fatigue resistance because of the increase in 
temperature, maturing and swelling by liquids or because of 
dynamical loading. 	 
Prolong contact with fluid 
Caused by reduction in temperature resulting in hardening 
and increased stress 
Loss of material after some time because of contact with 
another surface or liquid stream with a rough medium 
Insufficient bond strength because of manufacturing 
conditions or degradation brought on by liquid entrance and 
corrosion. 
Excessive absorption of fluids over time 	  
Cracking of UV and ozone. Part surfaces exposed to UV and 
ozone before installation or during service must be 
adequately resistant by cover or coating.  
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Possible Causes 
Defects in material or manufacturing error 
Increase of deformation with time under constant pressure or 
force conditions because of the effect of physical and 
chemical impacts.  
Reduction of force over time under constant deformation 
conditions. Influences from both physical and chemical 
ageing effects. Resulting in loss of ability to seal for un- 
energized seals 	  
Formation of bubbles in the materials due to the dissolved 
gas in the materials under high pressure that leads to 
decompression. These Bubbles may grow sufficiently to 
cause fracture of the material or create interface between the 
liner and  the nearby  layer. 
Failure Mode 










Damage characterization employs both analytical methods and non-analytical 
investigative skills both of which are important. The general steps normally followed when 
performing a failure analysis are: 
• Review of Product Usage and Performance History. 
• Consultation with Product Manufacturer 
• Visual Inspection (Macroscopic Examination). 
• Materials Analysis (Analytical Testing). 
• Determination Failure Mode and Cause. 
• Determination of Contributing Factors. 
• Documentation of the Investigation Results. 
• Simulate Failure/Design Review. 
• Take Corrective Actions. 
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Assessing why the nonmetallic part failed often requires scientific analytical testing 
beyond the visual examination. In a great deal of cases, a single reason can't be 
distinguished since various interconnected variables may have added to the failure. 
Analytical testing is performed to confirm the properties of the nonmetallic material as it 
influences product compliance to engineering requirements and design specifications. 
There is a wide variety of analytical techniques available for nonmetallic materials testing 
as during the analytical testing the effects of time, temperature, pressure, and environment 
on the failed nonmetallic material are examined against the virgin material. Table 6 shows 
various nonmetallic materials analytical Techniques and properties useful in failure 
analysis. 
Table 6: Nonmetallic Materials Analytical Techniques and Utility of Measured 
Properties in Failure Analysis 
Analytical Technique 
	
Properties Measured 	Utility in Failure Analysis 
Weight Change Over Time, 
Density, Specific Gravity 	Temperature, and Chemical 
Environment. 














of Transitions, Cure 
Damping/Loss Factor, 
Modulus as a Function of 
Time & Temperature  
Linear Dimension and 
Volume Change Over 
Time. 
Tensile, Compressive, 
Shear, Flexural, Impact, 
Creep, Fracture Properties, 
etc. 
Mass Loss Over Time, 
Degradation Temperature. 
Hardness 
Aging, Degradation, and 
Thermal History Effects on 
Crystallinity and Cure Levels, 
Changes Melting, Crystallinity, 
and Glass Temperatures 	 
Time-Temperature Dependent 
Behavior, Aging/Degradation, 
Solid/Liquid Interaction  
Coefficients of Expansion & 
Contraction, Molded-In 
Stresses 
Compliance with Material and 
Product Design Specifications 
Composition, Evolved Gases, 
Thermal Stability 









Utility in Failure Analysis 
Stress Relaxation; Extent of 
Deformation. 	 
Abrasion/Scratch Resistance 








Coefficient of Friction, 
Wear Rate 
Tear Strength 
Melt Flow Rate, Viscosity, 
Normal Stresses, Flow 
Index, Stress Relaxation 
Heat of Combustion, 
Initiation time, Heat 
Release Rate, Flame 
Spread, Mass Loss, Smoke 
Index, toxicity, Limiting 
Oxygen Index, etc. 
Dimension Changes 
(Swelling) and Properties 
Changes 
Molecular Bond Structure 
Frictional Behavior. Wear 
Resistance 
Tear Resistance 
Thermal History (Aging 
Effects) on Flow Behavior and 
Process-ability. Degradation.  
burning/combustion, flame 
spread, toxicity characteristics 
Effect of Chemical 





Testing is done to standards such as ASTM, ISO, BS, DIN, NACE, ASME, ANSI, 
API, NORSOK, and many others. It should be noted that certain tests are more important 
than others during failure analysis. It depends on the application and what the customer 
expects. Some failed materials require more testing than others. A summary of visible 
defects for composites pipes are shown in Table 7 (Source: 01-SAMSS-045). Figure 8 
contains a list of most of the international referenced codes and standards for nonmetallic. 
Table 7: Visible Defects for Composites Pipes 
Defect  Type 	Description 
Blistering 	
Blisters forming under outer plies of laminate or inner resin 
rich layer 	  
Burn/Discoloration 
Thermal decomposition evidenced by distortion or 
discoloration of the laminate surface  
Chalking and loose Minor breakdown of outer surface due to UV radiation or acid 
fibers 	 rain, caused by storage over prolonged period 
Chemical attack 	Absence of resin surface 
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Crack 
Small piece broken from edge or surface. If reinforcing fibers 
are broken, damage is a crack.  
Actual separation of laminate, visible on opposite surfaces, 
extending through the wall. A continuous crack may be 
evidenced by a white area. 
Chip 
Crazing 	
Fine hairline cracks at or under surface of laminate. White 
areas are not visible as for cracks. 
Delamination 	"Bright solid" area in laminate due to lack of bond between 
(internal) 	resin and fibers. Separation of layers (plies) within laminate. 
Dry spot 	
Area of incomplete surface film where the reinforcement has 
not been wetted by resin, leaving bare exposed fibers. 	 
Rupture of laminate with complete penetration. Majority of 
Fracture 	 fibers broken. Visible as lighter colored area of inter-laminar 
separation.  
Impact damage 	Light area with or without broken fibers 
Inclusion 	Foreign matter wound into laminate 
Lack of fibers 	Resin/fiber ratio too high  
Pit (pinhole) 	
Small crater in the inner surface of the laminate, with width 
(max. diameter) similar to or smaller than depth 



















Fitness-for-Service (Recommended Practice) 
Repair of Pressure Equipment and Piping 
Power Piping  
Process Piping 
Pipeline Transportation Systems for Liquid Hydrocarbons 
and Other Liquid 	  
Manual: Determining Remaining Strength of Corroded 
Pipelines: Supplement to B31 Code-Pressure Piping 
Gas Transmission and Distribution Piping Systems 
Standard Practice for Determining Chemical Resistance of 
Thermosetting Resins Used in Glass-Reinforced 
Structures Intended for Liquid Service  
Standard Practices for Evaluating the Resistance of 
Plastics to Chemical Reagents  
Standard Test Method for Flexural Properties of 
Unreinforced and Reinforced Plastics and Insulating 
Materials 
Test Method for the Time to Failure of Plastic Pipe under 
Constant Internal Pressure  
Test Method for Short Time Hydraulic Failure Pressure of 
Plastic Pipe, Tubing and Fittings  
Standard test method for indentation hardness of rigid 
plastics by means of a Barcol impressor 	 
Practice for Obtaining Hydrostatic or Pressure Design 
Basis for Glass Fiber Reinforced Thermosetting Resin 
Pipe and Fittings  
Standard Test Method for Tensile Properties of Polymer 
Matrix Composite Materials  
Standard Test Method for Strength Properties of 
Adhesives in Shear by Tension Loading of Single-Lap-
Joint Laminated Assemblies  
Standard Test Method for Chemical Resistance of 
Fiberglass (Glass-Fiber- Reinforced Thermosetting Resin) 
Pipe in  a Deflected Condition 	 
Standard Test Method for Shear Properties of Composite 
Materials by the V- Notched Beam Method 
ANSI/API RP 579 
ASME PCC-2 




Standard Practice for Glass Transition Temperatures of 
Hydrocarbon Resins by Differential Scanning Calorimetry 
Standard Test Method for Glass Transition Temperature 
ASTM D7028 
	
(DMA Tg) of Polymer Matrix Composites by Dynamic 
Mechanical Analysis (DMA) 
ASTM E831 
Standard Test Method for Linear Thermal Expansion of 
Solid Materials by Thermomechanical Analysis 
ASTM E1640 
ASTM G8 
BS EN 59 














Standard Test Method for Assignment of the Glass 
Transition Temperature by Dynamic Mechanical Analysis 
Standard Test Methods for Cathodic Disbonding of 
Pipeline Coatings  
Measurement of hardness by means of a Barcol impressor 
Determination of Tensile Lap Shear Strength of Rigid to 
Rigid Bonded Assemblies  
Guide on methods for Assessing the Acceptability of 
Flaws in Metallic Structures 
Plastics — Determination of Temperature of Deflection 
under Load  
Plastics — Determination of Flexural Properties 
Plastics — Determination of Tensile Properties 
Plastics and Ebonite — Determination of Indentation 
Hardness by Means of a Durometer (Shore Hardness) 
Preparation of Steel Substrates before Application of 
Paints and Related Products 
Tests for the Assessment of Steel Cleanliness 
Surface Roughness Characteristics of Blast Cleaned Steel 
Substrates 
Surface Preparation Methods 
Plastics piping Systems — Glass-Reinforced Thermosetting 
Plastics (GRP) Pipes and Fittings — Determination of the 
Resistance to Chemical Attack from the Inside of a Section 
in a Deflected Condition 
Plastics — Differential scanning calorimetry (DSC) — Part 
2: Determination of glass transition temperature 
Plastics — Thermomechanical analysis (TMA) — Part 2: 
Determination of Coefficient of Linear Thermal Expansion 
and Glass Transition Temperature 
Petroleum and Natural Gas Industries — Pipeline 
Transportation Systems 
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Petroleum and Natural Gas Industries — Glass Reinforced 
Plastic (GRP) Piping  
Petroleum and Natural Gas Industries — Piping 
Piping Design / General Requirements / Expansion and 
Flexibility / Stresses / Stress Range 




ASME B&PV Code 
Section III ND-3672.6(a) 
ASME B&PV Code 





Refrigeration Piping  
Building Services 
Slurry Transportation Piping  Systems 	 













BS 2782: Part10 
CSWIP 
Standard Test Method for Coefficient of Linear Thermal 
Expansion of Plastics between -30°C and 30°C with 
Vitreous Silica Dilatometer 
Standard Test Method for Peel or Stripping Strength of 
Adhesive Bonds  
Standard  Specification for Epoxy Resins 
Standard Test Method for Longitudinal Tensile Properties 
of "Fiberglass" (Glass- Fiber-Reinforced Thermosetting-
Resin) Pipe and Tube  
Standard Test Method for Short-Beam Strength of 
Polymer Matrix Composite Materials and Their Laminates 
Standard Test Method for Obtaining Hydrostatic Design 
Basis for Thermoplastic Pipe Materials  
Standard Test Method for In-Plane Shear Strength of 
Reinforced Plastics 
Standard Terminology Relating to Plastic Piping Systems 
Standard for Thickness Design of Ductile Iron Pipe 
Standard for Ductile Iron Pipe, Centrifugally Cast, for 
Water or Other Liquids 
Standard for Steel Water Pipe 6 in and Larger 
Steel Pipe — A Guide for Design and Installation  
Method 1001, Measurement of Hardness by Means of a 
Barcol Impresser 





NTS GRP Guidelines for Approval Schemes for Fitters, 
INSP/01 
	
Joiners, Supervisors and NTS-GRP- Inspectors 
ISO PR EN 13121 GRP Tanks and Vessels for Use Aboveground 
Fiber-Reinforced Plastic Composites — Determination of 
the In-Plane Shear Stress/Shear Strain Response, Including 
the In-Plane Shear Modulus and Strength, by the Plus or 
Minus 45 Degree Tension Test Method 
ISO 14129 
       
ISO 15310 
Fiber-Reinforced Plastic Composites — Determination of 
the in-Plane Shear Modulus by the Plate Twist Method 
Oil and gas operators are frequently checking and monitoring the integrity of 
pipelines and hence, sophisticated nondestructive testing (NDT) technologies and 
measuring devices are being used for diagnosing the piping conditions. Similar to metallic 
piping, the presence of defects is almost common during manufacturing, handling and 
operation of composite pipes in the field. Most of the in-service failures tracked over a 
period of 20 years of production were due to joints fabrication defects and impact. These 
types of defects sometimes cannot be detected using visual inspection or hydrotesting only. 
NDT becomes the only techniques that provide a reliable image about the pipes and joints 
condition. Composite materials have become an attractive alternative for traditional metals 
with widespread in structural and low-pressure piping applications. Composites may fail 
due to the following factors including: manufacturing issues, damage during installation, 
unexpected service conditions, product misuse, out-of-customer specifications, incorrect 
design and other material issues. 
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Materials characterization of the composites in case of any failure is the main 
challenge for the use of this materials in oil and gas industries. Many FRP failures need 
further evaluation and analyses to be carried out in conjunction with a qualified nonmetallic 
Engineer or Specialist, often using specialized laboratory equipment. With any composite 
failure, a process of elimination should be considered as the first course of action. This 
should consider the type of failure; the environmental conditions; any unusual or 
unexpected variations from normal operating conditions. The list of questions to be asked 
will depend on the type of failure and whether it occurred during manufacturing, 
installation or later during the service of FRP pipes. 
Damage characterization of composite materials requires a logical scientific 
methodology and a wide knowledge of polymeric materials and additionally a direct field 
experience. Effort is being taken to locate the most solid NDT strategy for characterization 
of damage in composite materials. The cutting-edge NDT systems (Table 9) for composite 
materials are as per the following: visual examination; optical techniques; eddy current; 
ultrasonic testing (UT) laser ultrasonic; acoustic emission (AE); vibration investigation; 
radiography; thermography [123]. 
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Table 9: Most Common NDT Technologies 
No. Technique Principle Usage 
Disadvantages and 
Advantages 
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3 Eddy Current 
Generation of a 
localized AC 
electromagnetic 
field in the part that 
needs to be 
examined using 
probe coil and then 
detects the response 
of the part due to the 
induced eddy 
currents. 
• Detect cracks. 
• Measure 
thickness 
• Detect material 
variations. 





















4 Dye penetrant 
Inspection requires 
flowing very thin 
liquid, over the part, 
liquid out with a 
developer. 
Detection of the 
cracks can then be 
when the dye 
wicking out of the 
cracks. 
and then getting the 
visually observed  
• Detect open 
surface cracks. 







• Only open 
surface cracks 
can be detected. 
• Very tight 
allow the dye to 
wick out. 
• • Surface artifacts 
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• Automation of 
the inspection 
process is very 
difficult. 
5 Thermography 
Source of heat is 
used on the 
sample's surface 
where an infrared 
camera is used to 
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temperature changes 
as the sample cool 
• Deep Cracks. 
• Stress Pattern. 
Corrosion behind 
paint. 
• Delamination in 
large Structure. 
• Voids in multi- 
ply Structures. 
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entire area. 
• Image results 
are easily 
archived 
• Extremely fast 
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large areas. 




Active thermography methods are utilized for different nondestructive examination 
such as evaluation of abnormalities in composite components. Thermographic testing 
works by heating the material and measuring the heat as it is scattered from the sample 
utilizing an infrared camera [7]. It is considered as a rising technology for the 
characterization of polymer composite materials. It is relevant to the crack detection, 
impact damage and fatigue failure cases. Thermography likewise seems to be the capable 
technique with the end goal of fiber and matrix assessment. Nevertheless, for composite 
materials, external source of heat is required to generate differences in the temperature 
between the defective and non-defective parts of the equipment [121]. 
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In the event that the material containing such flaws is subjected to a uniform heating 
on one surface, the heat flow move through its thickness is uneven as a result of local 
changes of thermal conductivity [122]. Infrared waves act like visible light as they can be 
reflected, absorbed, and refracted. As each surface have different level of absorption and 
emitting power, emissivity is the material property used to evaluate this distinction. Most 
composites luckily have a high emissivity value, which is one of the reasons thermography 
yields great results in composite testing. Unpainted carbon fiber composites have high 
emissivity values, ranging from 0.90-0.97 [7]. So, heat flux passing through a composite 
structure gives a uniform temperature on the surface if there is no flaw or delaminated 
region of the fibers. At the point when a flaw or de-bonding site is available, the flow of 
heat flux is intruded on and temperature decrease is detected on the surface. Distinctive 
thermal techniques exist considering the way the heating. For instance, lock-in 
thermography and pulse thermography have been used to recognize corrosion, cracks, 
delamination, and voids of surfaces [123]. 
The blends of different materials and staking sequences exhibited in a composite 
material can make it hard to figure out composite's thermal and physical properties. 
Utilizing Infrared thermography, scientists have discovered quantitative solutions for 
deciding certain properties of composite materials, for example, thermal diffusivity and 
thermal expansion. These parts are prone to impact damage, delamination, fiber dis-
bonding, inclusions, porosity and water ingress. Impact damage is a hard issue to figure 
out by inspection in composite structures, since there might possibly be any noticeable 
t.0 
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surface damage present depending upon the energy of the impact. Localized delamination 
can be found in the impacted area and obviously appear on a thermography images [7]. 
For investigation purposes, active thermography procedures are desirable as outer 
heating source is needed for creating temperature difference between the defect and defect-
free areas. The most generally perceived procedure in thermography is to apply a uniform 
heat source on one surface of the material and record the transient temperature contours on 
the other surface by an infrared thermography camera. The heat source can be as direct as 
high temperature water packs, hot air-dryers or lights [122]. Reflection mode, where 
camera and heating source are on the same side, is utilized when there is no way to get 
access to the opposite side of the component that should be examined [121]. 
Several NDT techniques have been tried on composite samples. The goal of this 
comparison studies is to come up with the appropriate NDT technique that can be 
developed and enhanced. This section covers the existing NDT techniques for composite 
piping including microwaves, low energy digital radiography, low frequency UT, and 
pulsed thermography. Advanced phased array ultrasonic inspection has been used using 
portable scanner as shown in Figure 12. 
L 
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a) Portable Phased Array Scanner 	b) Phased Array Probes 
utilized 
Figure 12: Phased Array UT System 
One fiber glass plate was tested using this technology. The results shown in Figure 





a) Indication of damage on a composite 	b) Reference Sample with no Damage 
plate 
Figure 13: Advanced Phased array UT inspection Results on composite plate 
We looked at few of composite samples using Pocket UT Handheld C-Scan System 
(Figure 14) and Digital Phosphor Oscilloscope (DPO) TEKTRONIX TDS 3054C (Figure 
15) which is a digital real-time (DRT) sampling technology. It worth mentioning that the 
pocket UT is a hand-held, battery powered C-scan system that can be used to map internal 
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damage using manual or motor-powered scanners. It is mainly used for metals for thickness 
measurement but we tried it for our composite samples. The system runs on Windows for 
data acquisition, analysis, and archiving. The ultrasonic energy does not travel as good as 
we though as these samples have high porosities. 
Figure 14: Pocket UT Handheld C-Scan System 
Figure 15: Digital Phosphor Oscilloscope (DPO) TEKTRONIX TDS 3054C 
100 
CHAPTER 5: EXPERIMENTAL AND COMPUTATIONAL ANALYSIS OF LOW 
VELOCITY IMPACT ON CARBON, GLASS AND MIXED FIBER COMPOSITE 
PLATES 
5.1 Introduction 
Fiber reinforced composite polymers are used in almost all types of advanced 
engineering structures. They combine glass or carbon reinforcing fibers with a matrix 
material such as epoxy, phenolic, or polyester. Composite materials are complex, mainly 
due to the degree of anisotropy induced by the reinforcing fibers. Thermosetting polymers 
consist of chain molecules that chemically bond or cross-link with the other when heated 
together. Composite materials have a high resistance to internal and external corrosion. 
They are light with a very smooth inside for higher throughputs. Manufacturing a 
composite structure starts by incorporating many fibers in a thin layer of matrix to form a 
ply. The required load in a fiber reinforced composite structure is obtained by stacking a 
plurality of layers in a specified order and then group them to form a ply. Various layers in 
a ply can contain fibers in different directions. It is also possible to combine different types 
of fibers (for example glass and carbon) to form a hybrid laminate. 
The strength and stiffness of a composite buildup depends on the orientation sequence 
of the plies. Proper selection of ply orientation in advanced composite materials is 
necessary to provide a structurally efficient design. The part might require 0° plies to react 
to axial loads, ±45° plies to react to shear loads, and 90° plies to react to side loads. Because 
the strength design requirements are a function of the applied load direction, ply orientation 
and ply sequence should be correct. It is critical during a repair to replace each damaged 
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ply with a ply of the same material and ply orientation. The fibers in a unidirectional 
material run in one direction and the strength and stiffness is only in the direction of the 
fiber. Pre-impregnated (prepreg) tape is an example of a unidirectional ply orientation. The 
fibers in a bidirectional material run in two directions, typically 90° apart. A plain weave 
fabric is an example of a bidirectional ply orientation. These ply orientations have strength 
in both directions but not necessarily the same strength. The plies of a quasi-isotropic layup 
are stacked in a 0°, —45°, 45°, and 90° sequence or in a 0°, —60°, and 60° sequence. These 
types of ply orientation simulate the properties of an isotropic material. Many aerospace 
composite structures are made of quasi-isotropic material [167]. 
Low velocity impact by foreign objects is a major concern for composite laminate as 
this impact can cause damage to the interior of materials, which significantly reduces the 
strength of the composite component and it may not be easily detected. The complexity of 
such impact on composite laminate is due to the different failure modes that occur in 
composites compared with metals. The selection of optimal parameters for composite 
plates that give high resistance to low velocity impact loads should consider various factors 
related to material properties, as well as the manner of manufacturing of the composite 
product. To obtain the desired impact resistance, it is essential to know the correlation 
between these parameters and the energy absorbed by the composite plate. The 
development process of this correlation is not an easy task because unknown process 
parameters are nonlinear. Knowing the parameters affecting the impact resistance and the 
degree to which these parameters affect are the most significant problems of the composite 
laminate industry. 
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Drop weight impact testing is the common test procedure used to study the impact 
resistance and the behavior of composite laminates. Drop weight testing also tends to be 
the preferred method when performing low velocity impact testing. ASTM Test Method 
D7136/D7136M [168] is the governed international standard used to study the impact 
testing on a rectangular plate. This test method determines the damage resistance of 
multidirectional polymer matrix composite laminated plates subjected to a drop-weight 
impact event. The standard test utilizes a constant impact energy normalized by specimen 
thickness. The properties obtained using this test method can provide guidance in regard 
to the anticipated damage resistance of composite structures of similar material, thickness, 
stacking sequence, and so forth. To compare samples in a quantitative manner, several 
equations may be used, which can be found in ASTM D7136. 
The total amount of energy introduced to a composite specimen and the energy 
absorbed by the composite specimen through the impact event are important parameters to 
assess impact response of the composite structures. Rationale introduction of new fiber 
materials promising method for strengthening interfacial bonding between the matrix and 
fibers in hybrid composite laminates. This alteration on the materials have been tried to 
enhance the impact resistance of polymer composite materials. Considerable improvement 
on the impact resistance by using hybrid composites. The formation of delamination 
generally relates to matrix cracking. Normally in any composite impact, matrix cracking 
occurred first followed by the delamination [169]. 
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The behavior of low velocity impact on the composites has been comprehensively studied 
by others in the literature. The aim of the study is to investigate impact response of the 
angle-ply laminated plates using different fibers (carbon and glass). A combination of two 
types of fibers was also examined. Several types of stacking sequences and resins were 
considered. Absorbed energy-time curves were presented to understand the behavior of the 
low impact velocity loading. A flowchart of the entire procedure, experimental and 
modeling, is given in Figure 16. 
Manufacturing of 19 Composii 
Samples 
 




Modeling of Plate Impact using 
ANSYS LSDYNA 
  
• Calibration and Validation 
• Analysis 
1 
New Plate Design for better Impact 
Resistance 
Figure 16: Flowchart for the entire experimental and modeling procedure 
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5.2 Experimental Work 
5.2.1 Materials and Specimen Preparation 
The materials in this study consist of woven carbon, glass and mixed fiber-reinforced 
laminates which were manufactured with a symmetric, quasi-isotropic lay-up of plies. 
Hand wet layup was adopted in the manufacturing of all plates where a dry fabric is 
impregnated with a resin. The processing steps are quite simple. Thin plastic sheets are 
used at the top and bottom of the mold plate to get good surface finish of the product. 
thermosetting polymer in liquid form is mixed thoroughly in suitable proportion with a 
prescribed hardener (curing agent) and poured onto the surface of mat already placed in 
the mold. The polymer is uniformly spread with the help of brush. Second layer of mat is 
then placed on the polymer surface and a roller is moved with a mild pressure on the mat-
polymer layer to remove any air trapped as well as the excess polymer present. The process 
is repeated for each layer of polymer and mat, till the required layers are stacked. After 
placing the plastic sheet, release gel is sprayed on the inner surface of the top mold plate 
which is then kept on the stacked layers and the pressure is applied. After curing at room 
temperature, mold is opened and the developed composite part is taken out and further 
processed. The time of curing depends on type of polymer used for composite processing. 
For example, for epoxy based system, normal curing time at room temperature is 24-48 
hours. Different ply thicknesses and resin types were also considered. Table 10 summarizes 
the detailed information for the 19-symmetric laminated composite plates that were impact 
tested. These composites were characterized by different stacking sequences. The amount 
of fiber and resin for each specimen was also considered with different ratios as shown in 
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Table 10. Note that C stands for carbon-fiber, G stands for glass-fiber and M stands for 
mixed-fiber. For matrix material, three types of resins were used which are epoxy, phenolic 
(PH) and polyester (PL). The final size of each test specimen is 129 mm by 129 mm. The 
stacking sequence in graphical representation is shown in Figure 17 for all composite 
samples which are used in the modeling as well. 
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Figure 17: Graphical Representations for the Stacking Sequences 
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5.2.2 Low Velocity Impact Testing 
The low velocity impact tests were performed by a drop tower "INSTRON Dynatup 
9250G". The test for each plate was repeated 4 times using new plate in each test adopting 
the same method under the same conditions each time where the mean value was only 
reported. The standard deviation "a" was low with a value less than 0.45 for all samples 
where all data points are close to the mean for each plate. The impact machine was 
equipped with a hemispherical impactor head with diameter of 1/2 inch (12.7 mm). During 
this test, two types of damages can occur. The first one is clearly visible impact damage 
(CVID) which can easily be seen by the naked eye. The second is barely visible impact 
damage (BVID) which needs some equipment or techniques to capture it. Weights are 
added to alter the energy of the impact. For all impact tests in this study, the mass of the 
impactor was 9.2 kg with constant impact energy level of 20 J, which corresponds to an 
impact velocity of 2.06 m/s. The impact velocity was measured by a photocell device that 
is placed in the path of the striker before the impactor strikes the composite plates. The 
force-time history was measured from the point of initial contact with the plate until the 
impactor leaves the plate. The energy was calculated from the integration of the force-time 
signal. The force-time and energy-time histories were recorded by the data acquisition 
system. Two rebound arrestors were located on both sides of the composite plate to avoid 
multiple impacts after the striker rebounds on the plate. The arrestors were pneumatically 
actuated, and spring up to separate the impactor from the composite plate after the first 
impact. Figure 18(a) shows a schematic picture of the drop weight test. The composite 
plates to be impacted were positioned under the drop tower using an in-house manufactured 
Side View From lima 
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specimen fixture. The composite plates were clamped along all edges where the exposed 
composite area within the fixture is 110 mm x 110 where a length of 9-mm from each of 
the four edges are constrained. Clamping force was provided by steel plates on the top and 
bottom edges as shown in Figure 18(b). The clamping force was applied by tightening two 




Figure 18: Schematic of (a) drop weight test, and (b) fixture and sample location 
For the finite element (FE) model, the plate impact theory is based on the developed 
theory by Jang et al. [170]. Newton's second law is used and the solution for acceleration 
a(t) is given by: 
a(t) = g P(t) 
	
4 
Where g is the gravitational acceleration constant, P(t) is the load as a function of time 
and M is the mass of the impactor. At the time when the impact testing starts, t = 0 which 
is known as the initial conditions, 
v(t)=V at t=0 
x(t)=0 at t=0 
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where V is the velocity just prior to impact. The acceleration equation can be integrated to 
obtain an expression for v(t) and then the velocity equation can be also integrated to obtain 
a solution for x(t): 
t 	P (t) 
v(t) = V + (g m
)dt 
x(t) = 0 + f v(t)dt 
0 
It is important to remember that the x(t) equation work as long as the composite 
plate is not punctured. Once we get x(t), it is easy to solve for the absorbed energy 
"Eabsorbed"  as a function of time. 
E(t) = J P(t)x(t)dt 
	
7 
Different results can be obtained from the low velocity impact test. Typical time 
versus impact energy and peak loads plots are illustrated in Figure 19 [20]. For impact 
energy-time history curve, the highest peak of the curve shows the maximum impact 
energy and the end of the curve shows the absorbed energy. The maximum impact is the 
initial impactor kinetic energy, and as the impactor contacts the plate, part of the energy is 
transferred to the plate. At the end of the impact, not all of the initial kinetic energy is 
returned to the impactor as part of it is absorbed by processes like plastic deformation and 
failure of the composite plate. The impact force can be defined by the reaction force 



































Figure 19: Typical Load and Energy verses Time curve and characteristic points for post 
impact analysis 
5.3 Experimental Results and Discussion 
The energy absorption capability of a composite material is critical in designing and 
the application of the composite equipment in industry. Energy absorption is dependent on 
many parameters like fiber type, matrix type, and fiber architecture, specimen geometry, 
processing conditions, fiber volume fraction, and testing speed. Changes in these 
parameters can cause subsequent changes in the specific energy absorption of composite 
materials. Most composites are generally characterized by a brittle rather than ductile 
response to load. 
The impact tests were performed using INSTRON Dynatup 9250G drop tower to 
determine the amount of impact energy lost in damage during the impact process for each 
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of the defined cases listed in Table 11. Figure 20 and Figure 21 summarize the averaged 
absorbed energies and peak loads respectively for all composite samples. It worth 
mentioning that impact testing is a true simulation of the impact condition since it considers 
the stress rate sensitivity of materials. However, the impact process takes place in a fraction 
of a second. Therefore, it is difficult to study the crushing unless provided with expensive 
equipment like a high-speed camera. In impact testing, failure is characterized by a sudden 
increase in load to a peak value followed by a low post failure load where the main energy 
absorbing mechanism is matrix crack growth. 
The test for each plate were done 4 times using new plate in each test with maximum 
standard deviation reported as 0.45. This was done in order to achieve high accuracy and 
precision. This is known as repeatability (of results of measurements) where the closeness 
of the agreement between the results of successive measurements of the same measured 
carried out under the same conditions of measurement. Repeatability conditions include 
the same measurement procedure, the same observer, the same measuring instrument, used 
under the same conditions, the same location, and repetition over a short period of time. 
The reported value here is for the average (mean) results for each plate tested under the 
same conditions. The mean is an estimate of the true value if there is no systematic error. 
The frequency distribution of the measurements approximates a bell-shaped curve that is 
symmetrical around the mean. The arithmetic mean is calculated using the following 
equation: 
Xi + X2 + X3 + • • • .... +Xn 
X  	 8 
11 
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A useful and commonly used measure of precision is the experimental standard 
deviation for a series of measurements where the standard deviation that is used for 
characterizing the dispersion of the results given by the below formula: 
(E(Xj X)2 \1/2 
a = 
n - 1 ) 
9 
Where Xi being the result of the i-th measurement and X being the arithmetic mean 
of the n results considered. 






Deflection Absorbed energy (J) Standard 
at Peak 
Load (mm) Test I Test 2 Test 3 Test4 Mean 
Deviation 
"(e.. 
(1 4.48 4.97 15.80 15.50 15.65 15.75 15.68 0.13 
(2 4.10 4.69 16.44 16.12 16.33 16.20 I6.27 0.14 
(3 5.83 4.67 14.22 14.21 14.44 14.13 14.25 0.13 
C4 7.66 3.42 13.00 12.45 12.65 12.90 12.75 0.25 
('4 PH 5.62 6.63 13.80 13.50 13.00 13.50 13.45 0.33 
C4 PI. 8.34 4.16 11.03 11.25 11.42 11.02 11.18 0.19 
C5 9.57 3.03 12.90 12.90 12.88 12.86 12.89 0.02 
('6 11.25 2.68 10.48 10.63 10.98 10.68 10.69 0.21 
( '7 9.45 3.18 12.63 12.75 12.68 12.40 12.62 0.15 
(8 11.44 2.73 13.98 14.12 13.94 14.59 14.16 0.30 
G1 7.59 4.90 8.45 8.90 9.20 9.50 9.01 0.45 
G I PH 5,53 7.47 12.90 13.12 13.65 13.60 13.32 0.37 
GI PL 7.57  4.97 9.16 0.46 9. 57 9.78 9.49 0.26 
G4 7.45 4.76 10.44 9.88 10.33 10.2 10.21 0.24 
G5 10.09 3.24 9.32 9.45 9.45 9.6 9.46 0.11 
G6 9.66 3.19 11.2 10.89 10.9 11.34 11.08 0.22 
M1 9.66 3.10 11.1 11.2 11.1 10 9 11.08 0.13 
M2 8.74 3.53 11.2 11./ 11.9 11.75 11.51 0.37 
M3 8.91 3.47 11.19 10.95 11.54 11.45 11.28 0.27 
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Figure 20: Summary of the measured average absorbed energy for all composite plates 
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Figure 21: Summary of The Measured Peak Loads for All Composite Plates 
5.3.1 Carbon Fiber Reinforced Polymer (CFRP) Plates 
In general, a further increase in the overall thickness of the carbon fiber plate, either 
by means of increase in layer thickness or by increasing the number of layers, resulted in 
the decrease in performance. Physically, this phenomenon can be explained such that when 
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the thickness of the composite plate is small, the plate behaves much more like a membrane 
and during impact the plate stretches until all the kinetic energy is transferred to the plate 
and then it pushes back the impactor giving away some of the energy back to the impactor 
and the rest is dissipated in the form of damage within the plate. The more the thickness of 
the plate is increased, the stiffer it gets and the ability to bend under impact loads is reduced 
which increases the bending stress and hence the plate suffers more damage. At very high 
thickness, the plate becomes very strong which results in very low amounts of energy 
absorbed. 
The carbon/epoxy plates had specific energy absorption values greater than that of 
and glass/epoxy plates having similar ply constructions. This is attributed to the lower 
density of carbon fibers compared to glass and Kevlar fibers. Moreover, the absorbed 
energy in the carbon composites changes with the change in stacking sequence due to the 
stress redistribution within the laminate. The results show that the minimum amount of 
energy absorbed is for the case where the laminate configuration is such that the laminate 
behaves as quasi-isotropic material. The number of layers does not show a linear relation 
like the stacking sequence. 
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Table 12: Low velocity impact test conditions and results for carbon fiber plates 
Sample No. 	 Mean Absorbed energy (J) 	 
	 Cl 	 15.68  
C2 16.27 	 
	C3   14.25  
 C4 	 12.75 	  
C5 12.89  
	
C6   10.69  
	 C7   12.62 
C8 	 14.16 
However, the impact energy for all samples was 20J, Figure 20 still shows some 
samples were impacted more than 20J with maximum of 0.7J (Table 13). This is due to 
error in setting the reference of the tip of the impactor with the surface of the plate as it is 
done manually. 
Table 13: Minumum and maximum velocity impact energy for carbon fiber plates 
Target Impact Energy (J) 	 20.00 
Minimum Impact Energy (J) 20.08 
Maximum Impact Energy (J) 	20.78 	 
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Figure 22: Absorbed Energy-Time History of Low Velocity Impact for Different Carbon 
Fiber Epoxy Plates 
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Figure 23: Load-Time History of Low Velocity Impact for Different Carbon Fiber Epoxy 
Plates 
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5.3.2 Glass Fiber Reinforced Polymer (GFRP) Plates 
Table 14 lists the averaged absorbed energies for the glass fiber plates while Figure 
24 shows the time history of this measured absorbed energies. It was found that G1 PH has 
the highest measured absorbed energy than G1 PL, G4, Gl, G6, while G5 has the lowest 
absorbed energy. It was expected that the composite plates with glass fiber as the 
reinforcement material will behave in a similar fashion as the carbon fiber based plates. It 
was noticed that the increase in thickness, of individual layers, results in an increase in the 
absorbed energy. In addition, a higher energy absorption is clearly seen in [45/-45/90/0]s 
glass fiber plates than other stacking sequences, which agrees with the measured high 
forces of [45/-45/90/0]s glass-fiber composite plate. 
Table 14: Measured Absorbed Energies for glass fiber plates 
Sample No. 	 Mean Absorbed Energy (J) 
G1  	 9.01  
G4 	 10.21  
G5 	9.46  
G6 	 11.08 
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Delamination, crack or indentation are normally the observed damage forms. If the 
energy absorbed by the specimen is not too high, the impactor is pushed back and a rebound 
occurs. In the case of rebound, the first drop of force indicates damage of the first material 
and the second force drop indicates the failure of the initial laminate. Figure 26 shows the 
extent of damage for the glass fiber composite samples (G1, G4, G5 and G6) from front 
and back sides. The extent of the damage with the measured absorbed energy can be 
correlated where the glass fiber plates with higher absorbed energy show less damage as 
in the case of G4. 
III II IMO 
Figure 26: Glass fiber epoxy plates, (Top: front side, Bottom: back side) 
5.3.3 Mixed Fiber Reinforced Polymer Plates 
To understand the relationship between the placement of carbon fibers and the 
impact performance, different placements of carbon layers were tried for composite plates 
that mainly consisted of glass fibers. The inclusion of other materials alone cannot 
guarantee a better performance of the structure and the placement of the fibers is equally 
critical. Since the material to be included is based on superior strength and better 
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performance, it should be placed where the damage initiates at the impacted areas. The 
following different combinations were tested with the position of woven carbon lamina as: 
middle two layers, bottom two layers, and top two layers. For the above mentioned mixed 
composite combinations, the glass fiber composite with two carbon fiber plies on the 
bottom has the highest value of the absorbed energy in compression with the same plate 
with carbon fiber plies on the middle or in the top. The difference is not that pronounced, 
as can been seen from Table 15 and Figure 27. 









Mixed Carbon-Glass (2 
Carbon plies in the Middle)  
Mixed Carbon-Glass (2 
Carbon plies in the Bottom) 
Mixed Carbon-Glass (2 
























Mixed Carbon-Glass (2 C in the Middle) 
Mixed Carbon-Glass (2 C in the Bottom) 
Mixed Carbon-Glass (2 C in the Top) 
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Figure 27: Absorbed energy for different mixed (glass/carbon) fiber epoxy plates 
5.4 Effect of Resin Type 
An interesting result was obtained for absorbed energy-time given in Table 16 for glass 
and carbon fiber plates using different types of resin. This table provides a summary view 
of the various composite materials that have been researched to understand the effect of a 
parameter on its energy absorption capability. Epoxy, polyester and phenolic are the 
matrices whose energy absorption capability has been most extensively studied. It was 
found that the plate with phenolic resin gives the highest absorbed energy when compared 
to the epoxy and polyester resins for both glass and carbon composite plates. Moreover, 
when the force-time history is investigated the results indicate that composite plates with 
phenolic resins have the highest resisting force, while the composite samples with epoxy 
and polyester resins have the lowest resisting forces. 
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Table 16: Low velocity impact test conditions and results for glass and carbon fiber plates 
with different resins 
Sample No. Fiber Type 
Glue Type 






G1 Glass Epoxy 7.59 9.00 
G1 PH Glass PH 5.53 13.20 
G1 PL Glass 131, 7.57 9.49 
C4 Carbon Epoxy 7.66 12.75 
C4 PH Carbon PH 5.62 13.78 
C4 PL Carbon PL 8.34 11.18 
Figure 28 shows the surface of the glass fiber composite plates with different resins 
(epoxy, polyester and phenolic) that was tested at the same energy levels. The figure reveals 
that the plate with phenolic resin shows minimal damage in both top and bottom side of 
the plates. The damage of the glass fiber with epoxy and PL resins samples are clearly 
observed on both side of the plate. It is also observed that the damage distribution is much 
larger in the glass fiber plate with polyester resin than in the glass fiber epoxy plate. 
Front 
. 	• . „, „ 
'" ' 	° 	o, 
GI 't GI 14., 
PL. 
Rear 
Figure 28: Glass fiber plates with different resins 
5.5 Summary of the Experimental Work 
The effect of a parameter (such as fiber type, matrix type, fiber orientation, fiber 
content) on the energy absorption of a composite material is summarized below: 
• Fiber Type: The density of the reinforced fibers has a lot to do with the energy 
absorption characteristics of a composite material. As the density of the fiber 
decreased from a higher to a lower value, the specific energy of the fiber reinforced 
tubes increased from a lower to a higher value respectively. Tubes reinforced with 
fibers having higher strain to failure result in greater energy absorption properties. 
Changes in fiber stiffness affect energy absorption capability less than changes in 
fiber failure strain, provided the different materials crush in the same mode. 
• Matrix Type: If one is restricted to discussing the energy absorption capability of 
a reinforced fiber thermoplastic matrix material it could be concluded that a higher 
interlaminar fracture toughness, GIC, of the thermoplastic matrix material would 
increase the energy absorption capability of the composite material. Also, an 
increase in matrix failure strain causes greater energy absorption capabilities in 
brittle fiber reinforcements. Conversely, the energy absorption in ductile fiber 
reinforcements decreases with increasing matrix failure strain. The role of 




• Fiber Orientation: Regarding the effects of fiber orientation on the energy 
absorption capability of a composite material, the fiber orientations that enhance 
the energy absorption capability of the composite material requires them to: 
o Increase the number of fractured fibers. 
o Increase the material deformation. 
o Increase the axial stiffness of the composite material. 
o Increase the lateral support to the axial fibers. 
5.6 Finite Element Modeling 
The composite plates were modeled using shell elements as an area without thickness. 
The thicknesses and orientations were given as the composite layup data using ANSYS 
Composite Prepost (ACP) [171]. The striker was modeled as a 3-D rigid body. Frictionless 
contact between striker and plate was considered. The amount of damage was calculated 





Side View 	 Top View 
Figure 29: Impact Testing Modeling using ANSYS 
In this work, the fixed composite plate was subjected to impact loading represented 
by dropped object at a velocity of 2.06 m/s. The impactor (12.7 mm diameter) was modeled 
as a rigid body with hemispherical shape. The mechanical properties of the glass and 
carbon fiber reinforced composites are listed in 
Table 17. The initial velocity and mass of the striker were set based on the energy 
level. The impactor was constrained from movement in five directions (x and y translations 
and 3 rotations), and could move only in the -y direction. Effective density of 7860 kg/m3  
were assigned to the rigid impactor. Automatic-surface-to-surface was considered in the 
simulation of the contact between the impactor and the whole laminate composite to 
accommodate for the impact initiation and progress. Normal distance of 0.01 mm between 
the contact surfaces was adopted in the simulation. The loads, and boundary conditions are 
shown in Figure 30. The finite element model is generated in ANSYS Composite Prepost 
(ACP) for angle-ply laminate having different stacking sequence. 
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Table 17: Materials Properties of the Epoxy E-Glass Woven and Epoxy Carbon [172], 
[173] 
Epoxy E-Glass UD 






Ei (MPa) 45,000 61,340 
E2 (MPa) 10,000 61,340 
E3 (MPa) 10,000 6900 
G12 (MPa) 5,000 19,500 
G23 (MPa) 3,846 2,700 
Gi3(MPa) 5,000 2,700 
V12 0.3 0.04 
V23 0.4 0.3 
V13 0.3 0.3 
Ply Strengths 
Xt(MPa) 1,100 805 
Yt(MPa) 35 805 
Zt(MPa) 35 50 
Xt(MPa) 675 509 
Yt(MPa) 120 509 
Zt(MPa) 120 170 
S12 (MPa) 80 125 
S23 (MPa) 46.154 65 
S13 (MPa) 80 65 
0.00 100.00 (mm) 
25.00 75.00 
Ai  Standard Earth Gravity. 9806.6 mmie 
XI Point Mass 
III Fixed Support 
Figure 30: Loading and Boundary Conditions 
Meshing is a critical part of explicit simulations. Uniform size hexahedral elements 
are ideal for accurate and fast simulations. For complex geometries, it is difficult to 
generate an all hex mesh. In this case, the element size was specified per the number of 
divisions on all plate lines and to be 75. Refining the FE mesh, especially in the critical 
region under the impactor, is important for the accuracy of the results. A convergence check 
was performed where the meshing results of all specimens used for this model validation 
are shown in Table 18, and the mesh refinement for the pipe section was considered mostly 
in the critical areas where the impactor hit the pipe. The value of the absorbed energy was 
used in the convergence check. The converged FE mesh of the fiberglass system used for 
simulation had 10000 elements for the composite plate G4 under 20J impact testing. 
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Table 18: Mesh Convergence Check for 20J Case 





10 100 12.89 
25 625 11.47 
50 2500 11.37 	 
75 5625 11.13 
100 10,000 10.68 
125 12,500 10.68 
150 15,000 10.68 
Table 19 lists a comparison of the absorbed energy response, while Figure 31 shows 
the absorbed energy-time history of the fiberglass plate G4 and Carbon fiber plat C 1 for 
the case of 20J obtained by the experiment and by the FE model. The FE results are very 
close to the experimental values for the final absorbed energy, with an error less than 9%. 
This means that the FE model is validated by the test results. Hereafter, the parametric 
analysis can be performed utilizing the developed finite element model; this indicates that 
the actual behavior of any composite plate under low-velocity impact loading can be 
reasonably predicted by the developed FE model. The difference in the starting energy time 
is due to the placement of the impactor close to the plate during modeling to optimize the 
computational time, whereas in the experiments the impactor falls from a height based on 
the required energy, which is 20J in this case. The effect of gravity was considered on the 
calibration cases for C1 and G1 plates. This is done by including the gravity as an initial 
condition for the system then by suppressing this feature during analysis. It was found that 
it is acceptable to ignore gravity as the impact process was performed in fraction of 
seconds. Including the gravity affects the absorbed energy steady state line as the bouncing 
of the impactor decreases with time due to the gravity, and hence the slight inclination in 
the steady state line of the absorbed energy. 
10.68 0.52 	5.07 G1 	 10.16 
0 
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fall from a distance with 







In FE Model. Impactor 
touching the plate with initial 
velocity of 2.06 ails 
5000 
Table 19: Experimental and FE measurement for the Absorbed Energies 
Sample 	Experimental 	FE Absorbed 
No. Absorbed  Energy (J) Energy (J) 
AE (J) 
Percentage 
Cl 15.68 	 16.90 	 1.28 8.20 
—G4 Kinetic Energy [m.1] with g 	—G4 Kinetic Energy [mJ] without g 	--G4 Exp Energy (mJ) 
Figure 31: Energy-time curves comparison of the experimental test data and FEA data of 
the G4 fiberglass plate impacted with 20J 
5.7 Proposed Design for Composite Plates 
It can be concluded from the 19 plate designs and the low velocity impact tests that the 
best plate designs with high impact resistance (high absorbed energy), as shown in Table 
20. The use of phenolic as a resin gave high impact resistance among all the impacted 
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Ply 	Total No. of 
Case No 	Thickness Thickness Layers 
(mm) 	(mm) 











plates. All cases were modeled with glass fiber epoxy as presented in Table 21. The 
following combinations adopted for the new designs: 
1. 16 layers and 24 layers with 3.8 mm and 5.1 mm plate thickness, respectively. 
2. Staking Sequence of [90/0/45/-4*, [60/45/-45/-60]s and [45/-45/90/0]s. 
Table 20: Summary of the Experimental Results for High Performing Cases with High 
Absorbed Energies 
Mean Peak 	Mean Deflection at 	Mean Absorbed 
Sample No. Load (kN) Peak Load (mm) energy (J) 
C2 	 4.10 	 4.69 	 16.27 
Cl 4.48 4.97 15.68 
C8 	 11.44 	 2.73 	 14.16 
Cl PH 5.53 7.47 13.20 
M2 	 8.74 	 3.53 	 11.51 	 
G6 9.66 3.19 11.08  
G4 	 7.45 	 4.76 	 10.22 
Table 21: Proposed New Plate Designs 
Plate-3 	16 	0.2375 	3.8 	45/-45/90/0 Glass Epoxy 
Woven 









Plate-5 	24 	0.2143 	5.1 	60/45/-45/-60 
  
Plate-6 	24 	0.2143 	5.1 	45/-45/90/0 
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Modeling of the proposed new plate designs reveals that, as shown in Table 22, 
Plate-7 (with 24 fiberglass plies and a stacking sequence of 90/0/45/-45) has the best design 
from impact point of view with predicted absorbed energy of 11.753 J. 
Figure 32 shows the maximum von Mises (VM) stress distribution for all proposed 
plate designs where plate with [60/45/-45/-60]s have lower von Mises stresses when they 
compared with the plate of [90/0/45/-45]s stacking sequence. Failure criteria for 
composites often appear more like a curve-fitting exercise than theoretical elasticity. It is 
very well known that, polymer is loaded with uniformly distributed tensile stress in all the 
three axial directions where the Von Mises yield criterion is not valid in this situation. A 
Drucker-Prager criterion established using parameters determined from compression and 
shear load cases would also significantly overpredict the strength in this dilation type 
failure situation [174]. they calculated the Von Mises equivalent stress and used it as an 
indication for weak sites. However, the use of Von Mises' theory for material failure 
requires that the compressive and tensile strengths be equal, whereas for composite resin 
the compressive strength values are, on the average, eight times larger than the tensile 
strength values[175]. De Groot et al. [175] found that the Drucker-Prager criterion is a 
more suitable criterion for describing failure of composite resins due to multi-axial stress 
states than the Von Mises criterion and the modified Von Mises criterion. Drucker and 
Prager developed the creatively named Drucker-Prager yield criterion originally for soil 
mechanics and it is often applied to composite materials such as cement or concrete. It 
accounts for normal and shear stresses, and can be stated as: 
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f = 	- all  — k 	 10 
11 = all + 622 + 633 
J2 	
1 
= „ = [(6ll a22)2 + (an - 
0.33)2 + (633 - 611)21 	2 
-1- 
 2 612 + 613 (723 
where J2 is the second invariant of the deviatoric stress tensor sg and a and k are 
material properties that reflect the friction angle and cohesion, respectively. When f reaches 
a critical value corresponding to yielding under a uniaxial stress state, the material will 
yield. Express fin terms of the stresses aij that define II and J2, and determine the value of 
floc, k) that corresponds to yielding under an applied uniaxial stress state. 
In general, [90/0/45/-45]s stacking sequence performed better in impact resistance 
than [60/45/-45/-60]s for all the simulated cases. Moreover, this design is better than the 
manufactured fiberglass plates. 
Table 22: Summary of the Predicted Absorbed Energy for the New Proposed Designs 
Case No. 	 FE Absorbed Energy 
Plate-1 9.99  
Plate-2 	 7.47 	 
Plate-3 9.10  
Plate-4 	 11.75 	 
Plate-5 10.44  





73128 Max 	 40627 	243.76 	81.254 
650.03 487.52 	325.01 	162.51 
(a) Plate 1, Time = 3.25 ms 
11111.111111.1111M 
616.57 Max 	342.54 	205.52 	68.508 
548.06 411.05 	274.03 	137.02 	0 Min 
(c) Plate 3, Time = 2.25 ms 
11•11111. 	111111111 1 
672.83 Max 373.8 	224.28 	74.759 
598.07 	448.55 	299.04 	149.52 




395.92 	237.55 	79.184 
633.47 475.11 	316.74 	158.37 
(d) Plate 4, Time = 2.5 ins 
617.34 Max 	 342.97 	205.78 	68393 	692.82 Max 	 384.9 	230.94 	76.98 
548.75 411.56 	274.37 	137.19 	 615.84 461.88 	307.92 	153.96 	0 Min 
(e) Plate 5, Time = 2.5 ms (f) Plate 7, Time = 3.38 ms 
Figure 32: von Mises Stress Distribution for all plate designs 
5.8 Conclusion 
The low velocity impact behavior of carbon, glass, and mixed fiber plates with different 
types of resins was investigated experimentally and numerically. The results presented 
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provided a clear understanding of the parameters that influence the impact resistance 
performance on composites. Several types of stacking sequences at constant impact energy 
are considered to investigate the behavior of composite structures. The main conclusions 
of the study follow: 
• Impact performance varies significantly when the thickness of a single layer, 
number of layers and stacking sequence, are varied. 
• Carbon fiber reinforced plates display higher strength than other glass fiber 
reinforced plates. 
• It was found that carbon/epoxy exhibited large changes in their energy 
absorption characteristics with a range of values of plate thickness (t). 
• The experimental test data showed that the use of phenolic resin lead to an 
increase in the energy absorption. 
• Carbon-fiber/epoxy composite plate has better impact resistance compared to 
glass-fiber/epoxy composite plate due to the higher measured absorbed energies 
of the carbon-fiber/epoxy. 
• Visual inspections showed a large extent of damage were observed on the 
polyester and epoxy resins plates when they are compared with same plates 
made with phenolic resin. 
• Further studies are essential to understand clearly the role of thermosetting resin 
matrices in the energy absorption capability of the composite material. 
• Glass/epoxy plates, owing to the good interfacial bonding of its fiber to the resin 
matrix, 
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• One of the important results of this study is that the absorbed energy is 
independent of the insertion of 2 layers of carbon at different locations. The 
constituent materials in the composite mainly determine it. The effect of the 
carbon fiber plies location for the mixed plates was not exceptionally pronounced. 
• The stacking sequence with [90/0/45/-4* is better than [60/45/-45/-60]s in 
term of impact resistance as concluded from the simulated cases. 
The results that were captured from the current work give motivation to further 
examine the samples in the future, to determine the damage morphology under scanning 
electron microscopy. Moreover, the results from this study help researchers in designing 
composite laminated plates with better impact resistance. The outcomes take into account 
a more methodical approach in choosing the parameters to be changed to enhance the 
impact performance of composite laminates. 
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CHAPTER 6: DAMAGE CHARACTERIZATION USING THERMOGRAPHY 
OF COMPOSITE PLATES SUBJECTED TO LOW VELOCITY IMPACT 
LOADS 
6.1 Introduction 
Composite materials have become an attractive alternative for traditional metals, 
especially in structural and low-pressure piping applications. They are light and possess 
great strength capability. Composites may fail due to various factors, including: 
manufacturing issues, damage during installation, unexpected service conditions, product 
misuse, out-of-customer specifications, incorrect design, and other material issues. The 
term damage is commonly used in different ways in the field of composites to describe 
lack of adhesion, des-bonding of the fiber from its matrix, delamination, or breakage of the 
fiber. Any damages, especially for fiberglass pipeline that transport crude oil, may lead to 
oil leaks, contamination, which can result in productivity losses, environmental damages, 
and even fatality. Figure 33 shows examples of composite pipe failures due to impact and 
joint overstressing. 
Figure 33: Different failure modes in composite pipes due to various factors 
Most of the service failures in composite material systems are due to the presence 
of porosity during manufacturing, damages due to mishandling, transportation, or 
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constructing of the pipeline in the field. In other word, defects occurring in composite 
structures can be classified as manufacturing defects or in-service defects. Currently, 
fiberglass manufacturing community and field piping inspection in oil and gas industry are 
relaying either on hydrostatic testing, which requires pipeline outage, or on visual 
inspection by the naked eye. Impact on composite surfaces can be considered as invisible 
(or barely visible) most of the time. Acoustic nondestructive testing (NDT) is also used for 
composite inspection using a hammer where the inspector taps over a large area and listens 
for a change in the echo frequency, a manifestation of localized surface dis-bonding. 
Deeply buried defects are both invisible to the human eye and inaudible to the human ear. 
Therefore, the fluctuation in inspection quality owing to the human factors of inspector 
skill and experience, and the difficulty in providing quantitative results, means that the use 
of these techniques alone is no longer sufficient to provide the level of evaluation needed 
for engineering certification. For the above-mentioned reasons, there is essential need for 
an inspection method that can be used in the field, which needs to be nondestructive and 
easy to use with high quality results. 
One of the major limiting factors for most of the existing methods is that they the 
lack of quantitative and qualitative nondestructive means. Sometimes two or more 
techniques shall be used together to get the results. Many attempts have been made to 
measure those types of damages in composite structures. These attempts include x-ray, 
microwave and thermal imaging. The last technique can be used only on fiberglass if 
thermal gradients is introduced. The concept of temperature production using flash or 
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continuous heating of the fiberglass that needs to be inspected has been tried while 
capturing the infrared thermal imaging. Low temperatures are normally observed in the 
fiberglass region that experienced a crack damage due to impact. That leads to the dis-
bonding of the plies where a pocket of air is generated near the impacted area that makes 
the heat flow takes longer time to pass through the fiberglass than the solid part of the 
fiberglass that does not have damage. The development of localized low temperatures, 
while impacted area and breakage and delamination of the fiber, might be considered a 
believable mechanism of fiberglass damage. The role of the delamination is to act as a 
thermal resistance to the heat diffusion in series with the global resistance of the sample, 
such as a thin air layer. These structural in-homogeneities in the fiberglass lead to more 
time for the heat to pass through. The infrared thermography proves its success, as seen 
later by the conducted experiments, to identify the star cracking of the fiberglass while 
quantification of the damage still needs more research to correlate the temperature profile 
with the thickness damage in the fiberglass. The idea of relating damage in the fiberglass 
to intrinsic dissipation of heat seems to be a highly relevant field of nondestructive testing 
for fiberglass pipes, especially in industrial applications where pipe sections cannot be 
taken immediately out of service. 
The most common NDT techniques for composite materials are visual examination, 
optical techniques, eddy current, ultrasonic testing (UT), acoustic emission (AE), vibration 
investigation, radiography, and thermography [123]. Some defects can be seen by visual 
inspection. Localized impacts typically lead to the phenomenon of barely-visible impact 
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ply to return to its undamaged position, transferring the impact energy through the 
thickness in a pyramidal fashion (Figure 34). Most nondestructive examination work was 
either limited to structures of thickness 5-10 mm, or dealt exclusively with near-surface 
flaws. A thick-section composite can be defined per the Composite Materials Handbook 
[176] as having the geometry, material constituents, lamination scheme, processing and 
service loading that will exhibit three-dimensional states of stress, resulting in failures that 
cannot be accurately predicted using 2-D finite-element models. 
Figure 34: Decision-making workflow (risk-based maintenance) 
Thermography is still used as a laboratory technique for investigating damage 
occurring in composite structures. For investigation purposes, active thermography 
procedures were used in this work where an outer heating source is utilized for creating 
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temperature difference between the defect and defect-free areas. A uniform heat source 
was applied on one surface of the material and the transient temperature contours on the 
other surface were recorded by high-resolution infrared thermography camera. The heat 
source can be as direct as high temperature water packs, hot air-dryers or lights [122]. 
Reflection mode, where camera and heating source are on the same side, was utilized when 
there was no way to get access to the opposite side of the component that should be 
examined [121]. Using thermography with a heating/cooling source as NDT allows the 
engineers to do periodic inspection of in-service pipes without extensive disassembly or 
special facilities where image results are archived. It can be used to identify deep cracks, 
delamination in large structures, and voids in multi-ply structures. Researchers along with 
engineers in the field are looking for rapid tests for predicting the impact resistance of the 
fiberglass pipes. This is found by using the infrared thermographic technique to 
quantitatively evaluate the change of temperature at the impacted location after exposing 
the specimen to few minutes of continuous heat in form of light. Using the framework of 
this concept for heat dissipation needs further investigations where this work investigates 
the use of the infrared thermography for identification of cracks due to impact on 19 
different design of composite plates. The temperature gradients were measured on the 
impacted fiberglass plates as a starting point of this research for future to extend the 
outcome and the procedure for fiberglass pipes that are used in hydrocarbon high pressure 
applications. In practice, the impacted composite plates (129 mm X 129 mm) were subject 
to continues heat source from one side (a total of 4 halogen lamps where each has 500 
watts) until a constant temperature gradient was reached, and then the infrared images were 
taken from the other side. The future aim of this study is to find a way to make it as a field 
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technique that is easy and portable for inspection as nondestructive tool for fiberglass pipes, 
specifically in hydrocarbon application. This technique can be used during the fiberglass 
pipes and fitting manufacturing to reveal any manufacturing defects including porosity or 
lack of resin or fiber discontinuities. 
6.2 Materials and Specimens 
The materials in this study consist of carbon, glass, and mixed fiber-reinforced 
laminates. The samples were designed and manufactured based on previous work by the 
authors [88], [89], [177] to enhance the impact resistance on composites using Finite 
Element modeling. This study would help identify the best composite designs that are 
recently manufactured and experimentally tested to study their impact response [178]. 
Different ply thicknesses and resin types were also considered. Table 23 summarizes the 
detailed information for 19-symmetric laminated composite plates that were impact tested. 
These composites were characterized by different stacking sequences. The amount of fiber 
and resin of each specimen was also considered with different ratios. Note that C stands 
for carbon-fiber, G stands for glass-fiber, and M stands for mixed-fiber. For matrix 
material, three types of resins were used, which are epoxy, phenolic (PH), and polyester 
(PL). The final size of each test specimen is 129 mm X 129 mm. 
 
Table 23: Composite Laminates' Properties 
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Glue 	 Measured 
Sample Materials 	 Percentage Percentage No. of 
No. 	 Type Stacking Sequence 	thickness No. 	Type of Fiber 	of Resin 	Layers (Resin) 	 (mm).__ 
1 	CI 	Carbon 	Epoxy 42.48 	57.52 	16 	 [90/-60/-30/0/901-60/-30/0]s 	3.3 
2 	C2 	Carbon 	Epoxy 	43.59 	56.41 	16 	 [90/0/45/-45/90/0/45/-45]s 	3.8 
3 C3 	Carbon 	Epoxy 	45.49 	54.51 	20 	[45/-45/90/0/45/-45/90/0/45/-45]s 	4.7 
4 	C4 	Carbon 	1:pox.. 	45.74 	54.26 	24 	[90/0/451-45/90/0/451-45/90/0/45/-45]s 5.5 
5 	C4 PH 	Carbon 	Phenolic 	45.74 	54.26 	24 	[90/0/451-45/90/0/45/-45/90/0/45/-45]s 	5.15 
6 	C4 PL 	Carbon 	Polyester 	45.74 	54.26 	24 	[90/0/451-45/90/0/45/-45/90/0/45/-4* 	5.5 
7 	C5 	Carbon 	Epoxy 	47.68 	52.32 	28 	
[45/-45/90/0/45/-45/90/0/45/- 	 6.4 
45/90/0/45/-45]s  
[90/0/45/-45/90/0/45/-45/90/0/45/- 
8 	C6 	Carbon 	1 po.■ 	47.58 	52.42 	32 	 7.4 45/90/0/451-451s  
[-45/-60/60/45/-45/-60/60/45/-45/- 
9 	C7 	Carbon 	I pox■ 	45.52 	54.48 	28 	 6.6 60/60/451-45/-60]s 
160/45/-45/-60/60/45/-45/-60/60/45/- 
10 	C8 	Carbon 	Epoxy 	50.00 	50.00 	32 	 7.3 45/-60/60/45/-45/-601s 	  
11 	GI 	Glass 	Epoxy 	50.04 	49.96 	24 	[90/0/45/-45/90/0/45/-45/90/0/45/-4* 	4.9 
12 GI PH Glass 	Phenolic 	50.04 	49.96 24 [90/0/45/-45/90/0/45/-45/90/0/45/-45]s 5 
13 	GI PL 	Glass Polyester 50.04 49.96 	24 	[90/0/45/-45/90/0/451-45/90/0/45/-45]s 	4.7 
[90/-60/-30/0/90/-60/-30/0/90/-60/- 
14 	G4 	Glass 	Epoxy 	52.51 	47.49 	24 30/01s 	
5.1 




16 	G6 	Glass 	Epoxy 	66.60 	33.40 	36 45/90/0/45/-45/90/0/45/-45]s 	7.4 
Mixed 
Carbon- [60/45/45/-60/60/45/49-60/60/45/- 
17 	M1 	Glass (2 	Epoxy 	62.50 	37.50 	32 	 6.5 




18 	M2 	Glass (2 	Epoxy 	62.53 	37.47 	32 




19 	M3 	Glass (2 	Epoxy 	64.51 	35.49 	32 






6.3 Low Velocity Impact Testing Procedure 
The low velocity impact tests were performed by a drop tower "INSTRON Dynatup 
9250G". The impact machine was equipped with a hemispherical impactor head with 
diameter of 1 in. Weights were added to alter the impact energy. For all impact tests in this 
study, the mass of the impactor was 9.2 kg with constant impact energy level of 20 J 
corresponding to an impact velocity of 2.06 m/s. The impact velocity was measured by a 
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photocell device that is placed in the path of the striker before the impactor strikes the 
composite plates. The force-time history was measured from the point of initial contact 
with the plate until the impactor travels through the composite plate thickness. The energy 
was calculated from the integration of the force-time signal. The force-time history and 
energy-time were recorded by the data acquisition system. For impact conditions in which 
the striker recovered from the composite plate, multiple impacts may occur causing 
excessive damage, which is not desirable. To avoid such repeated impacts, two rebound 
arrestors were located on both sides of the composite plate. The arrestors were 
pneumatically actuated, and spring up to separate the impactor from the composite plate 
after the first impact. 
The composite plates to be impacted were positioned under the drop tower using an in-
house manufactured specimen fixture where the exposed composite area within the fixture 
is 129 mm X 129 mm. The composite plates were clamped along all edges. Clamping force 
was provided by steel plates on the top and bottom edges. The clamping force was applied 
by tightening 2 bolts at edge of the fixture. 
6.4 Impact Testing Results 
As per the procedure described in the previous section, 19 composite designs were 
impacted using INSTRON Dynatup 9250G drop tower, to determine the amount of impact 
energy lost in damage during the impact process for each of the defined cases. 
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Table 24 summarizes the measured load, deflection, and absorbed energies for all 
composite samples. The results show that the carbon-fiber composite sample C2 had the 
highest absorbed energy. 
Table 24: Low velocity impact properties of composite samples 
Sample No. 
Mean Peak Load 
(kN) 
Mean Deflection 




C I 4.48 4.97 15.68 
C2 4.10 4.69 16.27 
C3 5.83 4.67 14.25 
C4 7.66 3.42 12.75 
C4 PH 5.62 6.63 13.78 
C4 PL 8.34 4.16 11.18 
C5 9.57 3.03 12.89 
C6 11.25 2.68 10.69 
C7 9.45 3.18 12.62 
C8 11.44 2.73 14.16 
Cl . 	.. 7.59 4.90 9.01 
Cl PH 5.53 7.47 13.20 
C l PL 7.57 4.97 9.49 
C4 7.45 4.76 10.22 
C5 10.09 3.24 9.46 
C6 9.66 319 11.08 
MI 9.66 3.19 11.08 
M2 8.74 3.53 11.51 
M3 8.91 3.47 11.28 
The results from the impact test show that the carbon-fiber/epoxy composite plate has 
better impact resistance compared to glass-fiber/epoxy composite plates due to the higher 
measured strength and fracture energies of the carbon-fiber/epoxy. For carbon-fiber 
samples, C2 has the highest measured absorbed energy then C1, C3, C8, C4 PH, C5, C4, 
C7, C4 PL, while C6 has the lowest absorbed energy. It is worth mentioning that there are 
almost negligible differences in the measured absorbed energy for C5, C4 and C7. For the 
glass-fiber samples, G1 PH has the highest measured absorbed energy then G6, G4, GI 
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PL, G5, while 01 has the lowest absorbed energy. It was expected that the composite plates 
with glass fiber as the reinforcement material will behave in a similar fashion as the carbon 
fiber based plates. It was noticed that the effect of the thickness of the individual layers 
show that the increase in thickness results in an increase in the absorbed energy. For mixed 
composites, the glass fiber composite with 2 carbon fiber plies on the bottom (M2) has the 
highest absorbed energy in comparison with the same plate with carbon fiber plies on the 
middle or in the top. The difference is not that pronounced. An interesting result was 
obtained for the absorbed energy as a function of time. It was found that the plate with 
phenolic resin gives the highest absorbed energy when it is compared with the epoxy and 
polyester resin for both glass and carbon composite plates. 
6.5 Thermography Experimental Testing 
Damage characterization for composite plates using high end resolution infrared 
camera was conducted in this study for all the 19 designs. The source can be used in 
different positions as illustrated in Figure 35. External excitation (heat) source in 
transmission mode was adopted in this study, where the back side of the sample was 




High End IR Camera 
Computer 















Figure 35: Thermography experimental set-up for a) Reflection Mode and b) 
Transmission Mode 
The thermography testing is based on a transient heat transfer method using a 
heating source. As illustrated in Figure 35. The nondestructive testing by infrared 
thermography camera, utilizing an in-house developed testing station, was performed to 
measure the maximum and minimum temperatures on the heated surface of all impacted 
specimens. The results achieved were analyzed and for each composite and correlated with 
the absorbed energy results of the impact tests. The most vital issue, which was considered 
when utilizing the active thermography for all cases, was to acquire high precision and 
repeatability of all measurements. Therefore, to provide uniform heating conditions for 
each case, a stable specimen mounting had to be assured, as shown in Figure 36, with 
constant distance between the heating source and the specimens. The experimental 
apparatus constituted of an aluminum box, halogen lamps used as a heating source, and a 
thermal imaging camera. Thermal insulation is placed around the plate to ensure the only 
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the heat that pass through the plate is captured. To minimize other light interferences, the 
room lights, where the experiment was conducted, were switched off. The acquisition of 
the data was done manually. The composite specimens were located on the front of the 
aluminum box. The composite rectangular specimens were heated from one side and the 
thermal image of the heated plate is taking from a camera located 0.4 meter from the plate. 
The specimens were vertically mounted (parallel to the heat source) in a rectangular 
opening of the in-house made aluminum box, where each sample was exposed to three 
halogen lamps (500 Watts each). All heated plates reached steady state after 10 minutes. 
Therefore, the measurement time for best resolution was set to be 10 minutes for all the 19 
composite plates. The image of each sample was taken from both sides, i.e., the front side 
were the plates were impacted and the back side of the samples. The emissivity of the 
composites was assumed to be 0.9. 
Figure 36: View of the thermography Camera System 
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FLIR IR camera (Model: GF 309) [179] and FUR IR Research software were used 
for thermal imaging to study the surface temperature distribution. The camera is based on 
a matrix of 320 X 240 Indium Antimonide (InSb) detector, convenient for the detection of 
3.8 — 4.05 gm IR wavelength, which has an exceptionally sensitive detector. The FLIR 
GF309 is intended for high temperature industrial furnace applications. These infrared 
cameras are ideal for monitoring a wide range of heaters, furnaces, and boilers, especially 
in the oil, gas, petrochemical, and utility industries. Table 25 demonstrates the FLIR GF309 
specifications. The FLIR GF309 can detect temperatures from - 40°C to +1,500°C. The 
high performance of the camera is particularly of importance when it comes to the noise 
level, which is a detectable temperature variation of less than 15 mK. The IR camera was 
calibrated for the composite surface emissivity to be 0.9. IR camera viewing angle was set 
to be directly in front of the composite plate. 













Video Camera w/Lamp 
cooled Indium Antimonide (InSb) detector  
3.8 — 4.05 p.m  
320 x 240 (this means 76,800 pixels or using 76,800 
infrared thermometers at the same time)  
76.800 	  
<15 mK @ +30°C (+86°F) 
±1°C (±1.8°F) for temperature range 0°C to +100°C 
(+32°F to +212°F) or ±2% of reading for temperature 
range >+100°C (>+212°F)  
-40°C to 1,500°C (-40°F to 2,732°F) 
Variable from 0.01 to 1.0 or selected from editable 
materials list  
1 — 8x continuous digital 
Auto & Manual  
4.3"; 800 x 480 Pixels 
Tillable OLED, 800 x 480pixels 
3.2 MP 
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6.6 Visual Inspection 
Visual inspection of composite plates is the first line of investigation and it is the easiest 
method to use by the naked eye or a microscope for two-dimensional mapping along the 
surface. Using such technique, one can visually detect: surface damage (abrasions, cuts, 
and dents), blisters, porosity, and delamination. Using ASTM D7136 / D7136M [168], a 
relationship can be established between impact energy and the preferred damage 
parameter. To facilitate the measurement, transparent paper (129 MM X 129 mm) with a 
net (Figure 37) has been used to precisely measure the damage extent on the surface of all 
glass fiber and mixed samples. This mapped transparent paper is placed on both sides of 













Figure 37: Transparent paper used for damage measurement 
Several inspection techniques such as visual inspection, acoustic emission, 
thermography, dye penetrant, stereo X-ray radiography with different sensitivity levels, 
can be used for nondestructive evaluation of composite materials. Using visual inspection 
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for impacted carbon fiber plate with low impact energy is not practical as no signs of 
damage can be seen (Figure 38). Barely or nonvisible low impact damages require 
advanced nondestructive testing to characterize the damage thoroughly that cannot be seen 
by the naked eyes. Thermography is considered an area-detection analysis tool to get more 
information about the invisible (subsurface damage). 
Figure 38: Visual Inspection of impacted Carbon Fiber Plates 
Delamination, crack, or indentation are normally the observed damage forms 
(lighter areas compared to the rest of the plate). Figure 39 and 
Figure 40 illustrate the measurements of the damage extension relative to the 
composite specimen size. 
Figure 40 also shows the surface damage on the front and back sides of the plates. 
It was found that the glass fiber sample with phenolic epoxy "G1 PH" experienced the 
lowest damage on both surfaces (front and back). Glass Fiber plate G5 has the lowest 
damage when it is compare with other glass epoxy plates. In correlation with the measured 
absorbed energies, it can be concluded from these results that higher absorbed energies 
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• Front Damage Diameter 
• Back Damage Diameter 
Figure 39: Summary of the damage measurement for glass and mixed fiber samples 
(o) M2-Front-3cm (p) M2-Back-0.5cm (n) Ml-Back-4cm (m) MI-Front-2.5cm 
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(e) GlPH-Front-0.5cm 	(0 GlPH-Back-Ocm 
-.111•.•111•1•■■--  
(g) G4-Front-2cm (h) G4-Back-3cm 
(i) 
G5-Front-1.5cm (k) G6-Front-2cm 	(1) G6-Back-3cm (j) G5-Back-3cm 
(a) Gl-Front-2cm (b) G1-Back-4cm 
(r) M3-Back-4cm (q) M3-Front-0.5cm 
(c) G1PL-Front-3cm 	(d) G1PL-Back-4cm 
Figure 40: Visual Damage Measurements 
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6.7 Active Thermography Testing Results 
Thermal images of the 19 impacted samples were captured using the active 
thermography testing setup described previously. Figure 41 shows the infrared images of 
all samples from both sides. Results for all measured temperatures from both sides along 
with the measured absorbed energy values are reported in Table 26. The damages on those 
samples have been clearly seen after exposing each sample to the heat source for 10 
minutes. The minimum surface temperature for all samples was exactly at the impacted 
region in the center of the plates. Infrared thermography readily detects the occurrence the 
propagation of crack failure as can be seen in Figure 41. This can be further investigated 
to establish an inspection technique to quantify the damage in fiberglass plates in terms of 
the remaining solid thickness of the section. 
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Cl 16 15.68 85.8 80.8 86.5 76.9 5 9.6 
C2 16 16.27 82.5 76.8 86.5 79.7 5.7 6.8 
C3 20 14.25 87.1 83.1 82.6 76.8 4 5.8 
C4 24 12.75 81.5 77.7 83.8 78.8 3.8 5 
C4 PH 24 13.78 81.5 76.2 79.5 75.4 5.3 4.1 
C4 PL 24 11.18 79 75.4 83.8 77.9 3.6 5.9 
C5 28 12.89 84.4 81.2 84.4 78.9 3.2 5.5 
C6 32 10.69 80.2 77.3 80.2 76.8 2.9 3.4 
C7 28 12.62 79.9 76.5 85.5 79.7 3.4 5.8 
C8 32 14.16 78.5 73.6 85.7 81.4 4.9 4.3 
G1 24 9.01 81.7 76 75.9 66.5 5.7 9.4 
G1 PH 24 13.2 64.1 60.5 66.6 64.8 3.6 1.8 
G1 PL 24 9.49 81.1 73.1 81.5 73.1 8 8.4 
G4 24 10.22 81.1 75.7 78 68.1 5.4 9.9 
G5 36 9.46 76.7 71.9 79.4 76.1 4.8 3.3 
G6 36 11.08 82 77.4 82.9 79.9 4.6 3 
M1 32 11.08 77.1 70.6 78.9 75.3 6.5 3.6 
M2 32 11.51 82.6 77.6 78.5 74.2 5 4.3 
M3 32 11.28 79.3 74.5 83.9 81.3 4.8 2.6 
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Figure 41: Thermography Results for 19 Composite Samples 
Based on the findings from the thermal images, it is clear that when the fiberglass 
is significantly impacted clear cracks within the thickness of the composite structure can 
be seen as a star cracking. The detected temperature rise, resulting from the used heat 
source, must be correctly distinguished by the testing setup and environmental conditions 
to avoid any interference of the lights that may affect the images captured by the IR camera. 
This is the main difficulty when interpreting the thermal images under usual conditions. 
Heat source is one of the challenges that need to be carefully identified and fixed from the 
distance of the source, to the composite structure, to the amount of the heat for the lamps 
used in the testing, and the level of heating used as either continuous source for very 
specific time or as a flash source. The distance from the heat source to the composite 
structure as well as the distance from the structure to the infrared camera should be 
optimized. The other challenges in this type of inspection is identifying the emissivity of 
the structure, where normally 0.9 is used during the setup of the camera for composite 
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structures. Since the composite materials is made of at least two types of materials, the 
variation in the thermal conductivity may occur because of local in-homogeneities or flaws 
in the fiberglass. The thermal behavior is governed not only by the thermal conductivity 
but also by the heat capacity. The ratio of these two properties is termed the thermal 
diffusivity e = k/c which becomes the governing parameter in such cases. A high value of 
the thermal diffusivity implies a capability for rapid and considerable changes in 
temperature. It is important to note that two materials may have very dissimilar thermal 
conductivities but, at the same time, they may have very similar diffusivities. 
One of the main interests of the thermal imaging analysis is the 3D observation of 
the damaged zone, where the depth of the damage can be identified by correlating the 
measured temperature at the impacted zone with the temperature of the undamaged areas. 
Once temperature measurements are carried out on the thermography test for all samples, 
infrared surface temperature data are taken until the temperature distribution reaches steady 
state. For accurate extraction of surface temperature measurements, a region of interest is 
built into the measured temperature field from the infrared camera, and temperpture across 
the outer surface is extracted. A uniform temperature is measured for the plate at the region 
of interest (a box in the middle of the plate) indicating that the interference of the lights 
from edges does not affect IR measurement accuracy. 
The interpretation of the images for all 19 plates reveal interesting information. 
Infrared thermography showed that for all plates impacted with 20J of energy, damage 
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remained localized to the zone of contact with the impactor. Moreover, the results from all 
images show that the lowest temperature, measured on the both sides of each sample 
(Figure 42), are at the most damaged location due to impact. In other words, heat flow 
obstructed by a delaminated area decreases the surface temperature compared with that in 
the surrounding area (away from delamination). Generally, damaged locations have more 
heat than undamaged locations as this is the norm for conventional metals such as carbon 
steel, where the corroded locations are identified with high temperature. This is because of 
the loss of thickness, which leads to more heat that can penetrate the corroded locations. 
The results of the composite samples show an opposite effect. In all glass fiber cases, the 
damaged locations experienced lower temperatures. This is because the damage 
characteristics in composites is different than conventional metals. Composites mostly fail 
by delamination of the fiber due to the impact, so there will be de-bonding of the fiber from 
the matrix that will generate gaps where heat will be dissipated leading to loss in the heat 
transmitted through the composite thickness. 
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Figure 42: Measured temperatures using active thermography where minimum values 
were observed at damage locations 
It is worth noting that the glass fiber plate made of phenolic resin (Sample G1 PH) 
experienced the highest absorbed energy (13.2 J) and the lowest measured temperature at 
the damage location (60.5°C) compared to the other glass fiber plates made of epoxy and 
polyester resins. This is also supported by the visual analysis of the damage where limited 
damage was observed in G1 PH sample. Figure 43 shows a comparison between the 
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Figure 43: Absorbed energy vs. minimum thermography temperature for G1 with 
different resin types 
Although the entire specimens were scanned using the IR thermal imaging, only a 
section in the center of the specimens of 100x100 pixels was used for the analysis to avoid 
edge effects. Figure 41 shows that the damage in the glass fiber samples can be seen more 
clearly compared to the carbon fiber samples. The outcomes accomplished during the 
analyses of the thermal images together with the considered parameters give a decent 
starting stage for further examinations. The 3D temperature representations for all glass 
and mixed fiber samples are shown in Figure 44 to Figure 51 where the lowest areas 
correspond to the highly-impacted regions with more delamination between plies. These 
3D figures, as well as the 2D surface figures, show the temperatures only around the point 
of contact for all samples to avoid edge effects. The data recorded from the mid-wave 
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27 2 9 
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infrared camera was first converted to an integer matrix, then to temperature values based 
on calibrated data of the infrared camera so that the thermal history of the composite plates 
within the impacted region are obtained. It is clearly noticed, as discussed and interpreted 
from the thermal images, that the temperature changes due to impact can be correlated with 
the remaining thickness of the composite plate. Thermography testing works well with 
delamination type of damage in composites as delamination leads to the presence of a small 
gap or void between the plies in the composite material. This void will cause the thermal 
conductivity in the delaminated region to be different than the rest of the material and cause 
the region to be visible on the thermogram [7]. 
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Figure 45: 3D Thermal representation of impacted composite plate G4 (30X30 Pixel) 
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Figure 48: 3D Thermal representation of impacted composite plate M 1 (40X40 Pixel) 
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Figure 50: 3D Thermal representation of impacted composite plate G1_PL (70X70 Pixel) 
Figure 51: 3D Thermal representation of impacted composite plate Gl_PH (40X40 Pixel) 
It is important to note that some voids cannot be detected with pulse thermography 
technique or Long-wave thermal imaging camera. For this reason, in this study, lock-in 
• 4549Y“.7616..69 
• 6`. 3 0130..P3 61•̀5-WI 0806', 
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thermography with mid-wave camera and image processing produce were adopted to get 
clear and accurate results. To strengthen this conclusion, the same test was conducted for 
G4, G5, and C4 plate samples using long-wave thermal imaging camera (FLIR T650sc 
[180] as shown in Figure 52. The results were not satisfactory and no clear images were 
captured after exposing the samples for 10 minutes to the heat source as can be seen in 
Figure 53. 
Figure 52: Testing one of the glass fiber samples using a long-range camera 
to 
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(b) 05 Sample 
(d) G4 Front IR Image (e) G5 Front IR Image (f) C4 Front IR Image 
Figure 53: Thermography results for 3 composite samples using long-wave camera 
6.8 Conclusion 
This work presents damage characterization using visual infrared thermography 
investigation of 19 different glass and carbon fiber composite plates impacted by 20J. 
Thermography was used to provide additional information on the initiation and 
development of deferent damage mechanisms, which developed during low velocity 
impact testing. The investigation has assessed the ability of thermography camera with 
Mid-Wave IR using a long-pulse technique to carry out the experiments. Several important 
conclusions can be summarized below: 
• The experimental apparatus and approach discussed in this work are reliable. 
• The IR image using thermography camera approach and a continuous heat source 
method can be applied to determine damage inside composite materials in real time. 
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• The distribution of temperature gradients across the 19 different composite plates 
was clearly resolved using the combination color counter and measured 
temperatures, providing a clearer understanding of the damage of the plates under 
low velocity impact. 
• Using the surface x and y delamination of the colors due to impact and using the 
temperature correlation method, it is possible to obtain a 3D image of the 
delamination in good agreement with physical observations. 
• Glass/epoxy plates demonstrated good post-impact structural integrity than the 
carbon/epoxy plates. 
The experimental results have shown that the damage locations due to impact 
experienced the lowest measured temperature. Therefore, it is concluded that infrared 
thermography can be used in characterizing the damage of polymer composite materials. 
More detailed analysis need to be conducted. The system also needs to be enhanced by 
including digital temperature sensors and insulation for the aluminum box from inside. 
Accurate measurement of temperature is critical for understanding thermal behavior and 
monitoring safety and performance of composite materials behavior that can be linked to 
their damages. Further studying and analysis is needed to fully understand this behavior to 
use thermography as a robust nondestructive tool for assessing the integrity of fiberglass 
plate and pipes. 
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Currently there is no proven technology to accurately and quantitatively detect the damage 
in composite structures. Such technology is crucial to assess the threat of every defect and 
decide whether repair is required or not. In the present study, active infrared thermography 
was used to assess the effect of low velocity impact in a uniquely designed and 
manufactured 19 composite plates. Thermography was likewise utilized to give extra 
information on the initiation and development of the deferent damage mechanisms which 
occurred during the low velocity impact testing. The examination has assessed the 
capability of thermography camera with mid-wave infrared utilizing a long pulse technique 
as a heating source to complete the tests. The test results have demonstrated that the damage 
locations due to impact experienced the lowest measured temperature. In this way, it is 
presumed that infrared thermography can be utilized as a part of damage characterization 
composite materials. More detailed analysis need to be conducted. The systems also need 
to be enhanced by including digital temperature sensors and insulation for the aluminum 
box from inside. Utilization of infrared thermography camera with the manufactured in-
house heat source chamber along with the advanced imaging software's and the developed 
finite element modeling helps us to come up with innovative solution that can be used for 
damage characterization to raise the confidence of the composite structures used in 
industry. Moreover, visual testing was conducted where the inspection showed a large 
extent of damage observed on the polyester and epoxy resins plates when they are 
compared with same plates made with phenolic resin. 
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CHAPTER 7: DAMAGE CHARACTERIZATION OF THINNING EFFECT ON 
FIBER REINFORCED GLASS PLATES USING INFRARED THERMAL 
IMAGING AND PREDICTION MODELS 
7.1 Introduction 
Most of oil and gas operators has recently adopted using fiberglass pipes for their oil 
and gas high pressure pipeline network since 2010. Defects on those 6- to 8-inche diameter 
high pressure fiberglass pipelines could occur during manufacturing, transportation, 
installation or while in operation due to impact. Visual inspection and hydro-testing are the 
current nondestructive testing (NDT) inspection techniques to check the pipeline integrity. 
Impact damage produces invisible damage in composite materials without any visible mark 
on the surface. Damage assessment is one of the crucial topics in the operation of structural 
elements made of polymers and polymeric composites. Instead of changing or destroying 
the composite structure to check its integrity, NDT of composite materials has become 
more vital and demanding for long pipelines that carries high pressure oil and gas. The 
selection of the method shall be based on minimizing the costs of operation downtime. 
Real-time machine-vision system is the new trend in inspection industries which aim to 
automate process control and inspection for fiberglass structures during the manufacturing, 
installation and operation process. This information can be used to establish a quality 
assurance system, thereby closing the quality control loop [181]. 
This chapter presents a systematic approach using thermal imaging technique for 
identifying the thinning effects for 27 glass fiber plates made with 10, 20 and 30 layers of 
plies at alternating stacking of 0 and 90-degree orientation of the fiber. The temperature 
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distributions, the defect parameters, which include location, diameter, and depth of the 
defect are the result of this study. This study also introduces artificial neural networks 
(ANNs) for the estimation of the remaining wall thickness due to the thinning effect. 
W. Minkina and S. Dudzikthe [182] discussed in their book published in 2009 the 
sources of uncertainty, including how to quantify these sources, associated with the use of 
thermal imagers. This book explains the common misunderstandings in the interpretation 
of temperature measurements, and provides a metrological evaluation of commercially 
available infrared cameras. It suggests how to best estimate the accuracy of thermal 
imaging instruments, whilst considering the level of accuracy attributed to measurements 
from these thermal imagers. 
It's tough to trust measurements from instruments when you don't have a clear 
understanding of how their sensitivity and accuracy is derived, and many times infrared 
cameras fall in this category. Additionally, discussions of infrared camera measurement 
accuracy typically involve complex terms and jargon that can be confusing and misleading. 
This can ultimately prompt some researchers to avoid these tools altogether. However, by 
doing so, they miss out on the potential advantages of thermal measurement for R&D 
applications. In the following discussion, we strip away the technical terms and explain 
measurement uncertainty in plain language, providing you with a foundation that will help 
you understand IR camera calibration and accuracy. Most IR camera data sheets show an 
accuracy specification such as ±2°C or 2% of the reading. This specification is the result 
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of a widely used uncertainty analysis technique called "Root-Sum-of-Squares", or RSS. 
The idea is to calculate the partial errors for each variable of the temperature measurement 
equation, square each error term, add them all together, and take the square root. While this 
equation sounds complex, it's straightforward. Determining the partial errors, on the other 
hand, can be tricky. "Partial errors" can result from one of several variables in the typical 
IR camera temperature measurement equation, including: 
• Emissivity 
• Reflected ambient temperature 
• Transmittance 
• Atmosphere temperature 
• Camera response 
• Calibrator (blackbody) temperature accuracy 
Once reasonable values are determined for the "partial errors" for each of the above terms, 
the overall error equation will look like this: 
Total Error = 11 ATI + AT2 + AT3... etc 	 13 
Where the ATI, AT2, AT3, etc. are the partial errors of the variables in the measurement 
equation. Taking the RSS gives you a value that is most appropriate for an overall error 
specification. This has historically been the specification shown on FLIR camera data 
sheets. It's worth mentioning that the calculations discussed so far are only valid if the 
camera is being used in the lab or at short range (less than 20 meters) outside. Longer 
ranges will introduce uncertainty in the measurement because of the atmospheric 
absorption and to a lesser extent, its emission. When a camera R&D engineer performs an 
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RSS analysis for almost any modern IR camera system under lab conditions, the resulting 
number is around ±2°C or 2% — making this a reasonable accuracy rating to use in camera 
specifications. The RSS uncertainty analysis technique allows us to determine the accuracy 
of infrared cameras, and that these cameras may have, at most, a 2°C margin of error. With 
proper calibration and attention to factors such as ambient temperature. emissivity, and 
spot size, the possible margin of error can be less than 1°C [183]. 
7.2 Experimental Setup 
The fiberglass prepreg with epoxy resin plates were custom manufactured for this 
study. The raw materials were purchased from Hatcon Composite System for wet lay-ups 
applications. The epoxy type was LR385 and LH386 where the hardener used are LH385 
and LH 386 with their specifications shown in Table 27 shows the characteristics of both 
resin respectively where Table 27shows the specifications of LR385 Resin. Figure 54 shows 
the temperature development for the hardeners used in the manufactured laminates where 
optimum processing temperature is in the range of 20 and 40-degree C. The gel time for 
the resins and hardeners are shown in Table 30. The mechanical data of neat resin is shown 
in Table 31 where these data are typical for the combination of laminating resin LR 385 
with hardener LH 386. The data of reinforcement resin using static tests in standard 
condition is shown in Table 32. 
Table 27: Characteristics of LR385 and LR386 Resin 
Approval German Federal Aviation Authority 
Application 
production of gliders, motor gliders and motor planes, 
boat and shipbuilding, sports equipment, model airplanes, 
moulds and tools 
Operational 
temperature 
-60 °C up to +95 °C (-76 °F up to 203 °F) 
after heat treatment 
Processing 
at temperatures between 10 °C and 50 °C (50 °F - 122 °F), 
all usual processing methods 
Features 
extremly good physiological compatibility, 
good mechanical and thermic properties, 
pot life of approx. 20 min to approx. 2 hours, 




Storage shelf life of 24 month in originally seald containers 
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Density 
Larrviangesrn LR 385 
1 16 - 1 20 






I value JOgi 
700 - 1050 
180 170 
0.58 - 3.64 
Table 28: Specification of Characteristics of LR 385 Resins 
Refractory 
index 1.535 - 1.542 
Measuring conditions: 
riveas...ri-c at 25 
Table 29: Specification of HR385 and HR386 Hardeners 
Hardener LH 385 Hardener LH 386 
Density 0,95 - 0,99 0,93 - 0,97 
Viscosity (mPas]l 	90 - 160 40 - 90 
Amine 
value 
[mg KOH/g] 480 - 550 480 - 550 
Refractory 
index 1,48 - 1,529 1,462- 1,51 
Measuring conditions: 






Resin LR 385 Resin LR 385 
Hardener LH 385 	 Hardener LH 386 
app. 2-3 h 	 app. 4-5 h 
app 45-60 min 	 app. 90-110 min 
20 - 25 °C 
40 - 45 °C 
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Figure 54: Temperature Development for LH 358 and LH 386 hardeners 
Table 30: Gel time for the resins and hardeners 
Film thickness 1 mm at different temperatures 








Compressive strength 	[N/mm2] 
Elongation of break 
Impact strength 	 [K..1/m1 
at 23°C 
Water absorption 	 24 h [%] 
7 d [%a] 
Fatigue strength under 
reversed bending 
	 10 % 
stresses acc to BAM 	
90 % Berlin 
1,18 - 1,20 
120 - 130 
3,3 - 3,6 
75 - 85 
120 - 140 
6 - 8 
45 - 60 
0,01 
0,2 - 6 
2 * 104 
2 * 10' 
Table 31: Mechanical data of neat resin 
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Mechanical data of neat resin 
Curing: 24 hat 23 °C (74 °F) + 15 hat 60 °C (140 °F) 
Typical data according to WL 5.3203 Parts 1 and 2 of the 

















8 layers of glass fabric. plain. 280 g/m2.2 mm (0.08 in) thick 
CRC samples: 
9 layers of carbon fabric. plain, 200 g/m2, 2 mm (0.08 in) thick 
SRC samples: 
7 layers of ararnide fabric. 4H satin, 170 g/m2. 2 mm (0.08 in) thick 
Fibre content of samples (CRC, SRC) during processing/testing: 41 - 45 m3,1% 
Data calculated for fibre content of 43 vol% 
Fibre content of samples (CRC) during processing/testing: 48 - 52 vol% 
Data calcutaled for fibre content of 50 vol% 
Typical data according to WL 5.3203 Parts 1 and 2 
of the GERMAN AVIATION MATERIALS MANUAL 
[N/rnmi 
460 - 500 	510 - 560 
400 - 470 
[kIstimm9 	20 - 24 
(Nirrinf) 300 - 350 	450 - 480 
50 - 54 
50 - 55 
GRC 	 CRC 	 SRC 
Glass fibre Carbon fibre Aramide fibre 
400 - 480 
130 150 
28 - 33 
16 - 19 
850 - 900 	360 - 380 
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Table 32: Data of reinforcement resin using static tests in standard condition 
The glass fiber used was BMS9-3-7781 type H3 Class 7. The fiberglass laminate 
plates were manufactured using 10, 20 and 30 layers of 1000 mm X 1000 mm sheets with 
a 0/90 unidirectional ply orientation then they were cut in small pieces (90 mm X 90 mm). 
The fiber weight for the sample was 59.63 g with an epoxy content of 50 % per weight. 
The artificial thinning defects were known and drilled with Computer Numerical Control 
(CNC) machine at different hole-size and depth at the center of the twenty-seven plates as 
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shown schematically in Figure 55 and with their details presented in Table 33. The 
diameters of the hole were 1, 2 and 3 mm at 25, 50 and 75 % depth variations. Properties 
of the composite plates are listed in Table 34. Figure 56, Figure 57, and Figure 58 show 
the actual composite samples for each group of 10, 20 and 30 layers' composite plates 
respectively. Figure 59 shows the cross section of the three composite groups. 
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Figure 55: Schematic of the manufactured plates with the developed known thinning 

























1-10L 41.9 2.27 12.09 0.41 2.27 1 0.25 0.57 1.70 
2-10L 43.7 2.33 13.89 0.47 2.33 2 0.25 0.58 1.75 
3-10L 43.8 2.38 13.99 0.47 2.38 3 0.25 0.60 1.79 
4-101, 436 2.29 13.79 0.46 2.29 1 0.5 1.15 1.15 
5-10L 43.3 2.33 13.49 0.45 2.33 3 0.5 1.17 1.17 
6-10L 43.5 2.34 13.69 0.46 2.34 2 0.5 1.17 1.17 
7-10L 43.5 2.28 13.69 0.46 2.28 1 0.75 1.71 0.57 
8-10L 43.1 2.36 13.29 0.45 2.36 2 0.75 1.77 0.59 
9-10L 43.9 2.4 14.09 0.47 2.4 3 0.75 1.80 0.60 
1-20L 89.2 5.19 29.57 0.50 5.19 1 0.25 1.30 3.89 
2-20L 91.8 5.28 32.17 0.54 5.28 2 0.25 	 1.32 3.96 
3-20L 92.3 5.32 32.67 0.55 5.32 3 0.25 1.33 3.99 
4-201 91.7 5.3 32.07 0.54 5.3 1 0.5 2.65 2.65 
5-20L 90.9 5.25 31.27 0.52 5.25 3 0.5 2.63 2.63 
6-20L 91.4 5.28 31.77 0.53 5.28 2 0.5 2.64 2.64 
7-20L 92 5.24 32.37 0.54 5.24 1 0.75 3.93 1.31 
8-20L 91.5 5.3 31.87 0.53 5.3 2 0.75 3.98 1.33 
9-20L 93.1 5.35 33.47 0.56 5.35 3 0.75 4.01 1.34 
1-301, 147.9 8.7 58.46 0.65 8.7 1 0.25 2.18 6.53 
2-301. 149 8.8 59.56 0.67 8.8 2 0.25 2.20 6.60 
3-301, 148.3 8.5 58.86 0.66 8.5  	3 0.25 2.13 6.38 
4-30L 148.8 8.77 59.36 	 0.66 8.77 1 0.5 4.39 4.39 
5-301. 149 8.79 59.56 0.67 8.79 3 0.5 4.40 4.40 
6-301. 147.6 8.84 58.16 0.65 8.84 2 0.5 4.42 4.42 
7-301. 149.2 8.95 59.76 0.67 8.95 1 0.75 6.71 2.24 
8-30L 151.6 8.96 62.16 0.69 8.96 2 0.75 6.72 2.24 
9-30L 137.4 8.6 47.96 	 0.54 8.6 3 0.75 6.45 2.15 
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Figure 56: the 9 plate samples with the holes that were tested by infrared thermography 
for 10 layers' group 
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Figure 57: The 9 plate samples with the holes that were tested by infrared thermography 
for 20 layers' group 
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Figure 58: The 9 plate samples with the holes that were tested by infrared thermography 




Figure 59: Cross-Section showing the thickness of the (a) 10, (b) 20 and (c) 30 layers' 
composite plates 
The experimental thermography setup that was used in this study is shown in Figure 
60 and Figure 61 . The main operating parameters for the experiments were the halogen 
lamps power, infrared camera wave length, the exposure time, the distance between the 
camera and the sample. The distance between the lamps and the sample as well as the 
sensitivity of the fiberglass materials. The infrared camera used was a FLIR G320 with a 
spectral range of4-81AM, a resolution of 240X320 pixels, and thermal sensitivity of 50mK. 
The optical axis of the camera was perpendicular to the investigated composite plate 
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surface. Four halogen lamps were used where each lamp rated at 500W maximum total 
power. These lamps were contained within an aluminum hood assembly that helps to focus 
the energy on to the inspection of the composite plates. One end of the fiberglass plates 
was illuminated where the other end was imaged over 12-minute lock-in time-periods. 
Figure 60: Setup of the Thermal Imaging Experiment using heat source and FLIR GF320 
IR Camera (Side View) 
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Figure 61: Setup of the Thermal Imaging Experiment using heat source and FLIR GF320 
IR Camera (Front View) 
7.3 Results and Discussions 
Typical measured maximum temperatures at the center-hole of fiberglass surfaces are 
shown in Table 35 and Figure 62. One simple way of characterizing defects is to plot the 
temperature data on a log-log scale plot where it is assumed to decrease linearly. The profile 
of the heat decayed exponentially through the thickness of the fiberglass plates. The 
maximum temperature measured in the fiberglass plate was of approximately 95°C to avoid 
altering the material properties due to heat, the maximum temperature in the structure were 
tried to be kept with as low as possible time of heating exposure. The sensitivity of the 
infrared camera used was 50mK which helped a lot in detecting any changes which give 
accurate measurement that led to high accuracy of the thinning size estimation. 
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Table 35: Measured Maximum and Minimum Temperatures at Time =12 minutes by 
Infrared Thermography 
Sample No Tmin Tmax AT 
1-10L 93.90 96.10 2.20 
2-10L 93.50 97.30 3.80 
3-10L 94.10 96.90 2.80 
4-10L 88.50 93.60 5.10 
 	5-10L 92.00 97.10 5.10 
6-10L 93.40 97.00 3.60 
7-10L 93.20 96.30 3.10 
8-10L 93.00 98.10 5.10 
9-10L 88.80 92.80 4.00 
1-20L 85.20 89.40 4.20 
2-20L 87.40 91.60 4.20 
3-20L 87.20 93.50 6.30 
4-20L 87.30 92.30 5.00 
5-20L 89.40 95.20 5.80 
6-20L 89.10 97.90 8.80 
7-20L 89.40 94.00 4.60 
8-20L 89.20 96.50 7.30 
9-20L 88.70 98.70 10.00 
1-30L 72.10 77.10 5.00 
2-30L 73.60 79.20 5.60 
3-30L 74.60 82.40 7.80 
4-30L 72.90 78.10 5.20 
5-30L 75.30 84.40 9.10 
6-30L 75.60 89.80 14.20 
7-30L 74.80 82.80 8.00 
8-30L 78.60 92.20 13.60 
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Figure 62: Maximum Temperate vs. Time for all samples with 20 layers' plates group 
Hundreds of images were captured and the maximum and minimum temperatures 
were registered at different observation times after heat was deposited over the surface that 
need to be inspected. To define the temperature change, it is necessary to utilize a reference 
time because composites do not have high thermal diffusivity. So, the temperature at the 
latest observation time will be slightly higher than the baseline or steady state temperature. 
AT = Tma.,c — Tmin 	 14 
where T. is the maximum temperature map generated at the selected pixel where 
the thinning is present, and Tmin is the temperature generated at the solid parts of the plate 
at the same time oft. Utilizing the temperature definitions provided above, it can be found 
that the reference temperature is the temperature at the solid part (with no thinning). 
Moreover, the maximum and a minimum temperature change within the plate at same time 
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was used to define the extension of the damage region (thinning locations). The magnitude 
of the maximum and minimum temperature changes selected depends on the time at which 
the observation is taking place. In this study, it was observed that such delta change (AT) 
value varied between 5 and 10% as the heating time is increase. Tmin and Trna, were defined 
as a function of time, for every scan and every selected observation time. It was observed 
that at early observation times, the affected area is small, but encompasses only the region 
more severely damaged because the temperature detected is high. As the observation time 
increases, the temperature drops in the affected area and the extension of the area increases 
due to diffusion. It was observed also that the size of the affected area grew in size 
following a linear relationship with the observation time. The response was independent of 
the configuration set up. The way of the dynamic temperature change was defined to 
address the question of when to start capturing the thermal images, in order to use them for 
characterizing the thinning region. So, the definition of the minimum and maximum 
temperatures explained above where adopted. Figure 63 to Figure 68 show the changes in 
temperatures with the time for composite samples. It can be noticed that this change reaches 
steady state at the time of 12 minutes. So, this time was used as temperature threshold value 
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Figure 63: Temperate changes vs. time for the samples with 25% drill depth 
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Figure 64: Temperate changes vs. Time for the samples with 50% drill depth 
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Figure 65: Temperate changes vs. Time for the samples with 75% drill depth 
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Figure 67: Temperate changes vs. Time for the samples with 2-mm drill diameter 
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The below flow chart (Figure 69) can be used as a general guideline for predicting 







Figure 69: Damage Characterization Flow Chart for Transmission Mode Thermography 
Figure 70 to Figure 73 present the thermal images for all samples at different times 
of image capturing. These images were taken at optimum experimental parameters. The 
area (thermographic field-of-view) considered for image post-processing has an area of 
40X40 pixels. All thinning was detected precisely were the highest temperatures are 
observed exactly in the location of thinning. In the case of the 10 layers' samples, the 
damage is not recognizable as fine as the other damages in 20 and 30 layers as the exposure 
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time was more than it should be. It was confirmed from the thermal images with the 12-
minute heat exposure gave the best results for detecting the defect for all plates made with 
20 and 30 layers where the thin plates with 10 layers, the 6-minute heat exposure revels 
the defect on the plates better than at time of 12 minutes as shown in Figure 70. The heat 
passing through the plate at the thinning locations was increasing in value and in area with 
the decrease in wall thickness due to the thinning effect. The heat value as temperature was 
mainly reduced in the center of the plates as the drilled holes by CNC machines were 
performed there. The thinning on those images are shown by a lighter color pixel, while all 
undamaged (no thinning) locations represented by a darker pixel color. The goodness of 
the results and the accuracy of thinning estimation could be improved by applying less time 
for heating and using short-wave thermal imaging camera. 
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1 igure 70: Thermal Images for 10 Layers fiberglass Plates at Time=6 minutes 
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Figure 71: Thermal Images for 10 Layers fiberglass Plates at Time=12 minutes 
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Figure 72: Thermal Images for 20 Layers fiberglass Plates at Time=12 minutes 
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• 0 
Figure 73: Thermal Images for 30 Layers fiberglass Plates at Time=12 minutes 
7.4 Artificial Neural Network (ANN) 
An artificial neural network (ANN), inspired by the information processing strategies 
of the human brain, is a mathematical model consisting of several highly-interconnected 
processing elements organized into layers. ANN is a nonlinear mapping of an input onto 
an output vector space. This is achieved through layers of activation functions or neurons 
in which the input coordinates are summed according to weighting values and bias to 
produce single output or firing values. ANN is a network of many very simple neurons as 





interaction of the neurons in the network is roughly based on the principles of neural 
science. Unidirectional channels that carry numeric data based on the weights of 
connections connect these neurons that operate only on their local data and on the inputs, 
they receive via the connections. Most neural networks have some sort of training-rule. 
The training algorithm adjusts the weights based on presented patterns. In other words, 
neural networks "learn" from examples. ANNs excel particularly at problems where pattern 
recognition is important and precise computational answers are not required. When ANNs 
inputs and/or outputs contain evolved parameters, their computational precision and 
extrapolation ability significantly increases and can even outperform more traditional 
modeling techniques. 
Figure 74: Schematic of a single neuron in an Artificial Neural Networks (ANN) 
In this study, an ANN was put to the task of recognizing certain relationships in 
damage characterization to predict thinning of fiberglass plates. The measured data from 
the thermography experimental work were used to train the network. The data selected to 
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train the network covers a wide range of geometrical, materials and thinning parameters. 
There were 27 data set generated for different set of parameters within the range specified. 
The ANN developed in this project had 18 independent input vectors: and one output, that 
is, the remaining wall thickness. The input and output parameters of the proposed neural 
network is given in Table 36. The variables shown were chosen because they were thought 
to be the most significant in relation to the predictions. Twenty-seven cases were used for 
the supervised training of the network. Other cases were held back for testing of the trained 
network. Appropriate choice of features enabled the ANN to mimic the expert with 
reasonable accuracy. The successful development of this ANN was another indication that 
ANNs could seriously aid in projecting inspection results into field predictions. Trained 
ANN models, based on the methodology described previously, were used to predict the 
remaining wall thickness. 
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Table 36: Input and output parameters for ANN models 
 
Input  
Maximum Temperature at time 12 minutes: Tmax,12 
Minimum Temperature at time 12 minutes: Tmin,12 
   
Output 
     
     
     
VTmin,12 
31/ Tmax,6  
       
            
    
Tmin,6  
Tmin,6  
Dri II Diameter (mm)  
V Drill Diameter (mm)  
Glue weight (g)  
31I Glue weight (g)  
Glue/Fiber Ratio %  
Number of Layers: NL  
Wall Thickness (mm): WT 
3 / 7T.  (mm)  
Weight  (g)  
VWeight (g)  
1.12 
      
          
          
          
         
Remaining Wall 
Thickness: WTI  
         
          
          
          
          
          
          
               
     
VATi2  
        
The summary of the results is shown in Table 37. This table shows the ANN output 
as well as the raw model as an equation. These equations show expressions that relate input 
variables and predicted variable. This table helps to understand the value of each input 
variable in a model. In composites, a certain amount of experimental results is required to 
train a well-defined neural network. Once the network has learned to solve the material 
problems, new data from the similar domain can be predicted without performing many 
long experiments. The training process is terminated either when the mean-square-error 
(MSE), root-mean-square-error (RMSE), or normalized-mean-square-error (NMSE), 
between the observed data and the ANN outcomes for all elements in the training set has 
reached a pre-specified threshold or after the completion of a pre-specified number of 
learning epochs. 
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The performance of the network was tested using experimental data from the 
thermography testing. The performance of the network is evaluated using mean absolute 
error (MAE). The estimation capability of the network for the experimental data was 
evaluated in two ways. The first one is estimating the output for a few data used in training 
the network and the second one is testing with a few new data obtained from the set of the 
experimental testing that were not part of the training for the previous model. While testing 
the network with the data used for training, the estimated values were very close to the 
actual values with the mean absolute error of less than 1%. To have the possibility to 
compare all models, the root-mean-square error (RMSE) were used to find the best model 
that can be used to quantify the thinning effect on all the 27 fiber glass samples. Model 7 
demonstrated superior interpolation performance compared to the other models where in 
the cases of low number of trained samples (model 1, 2 and 3), there were slight deviations 
observed. This ANN model demonstrated a good statistical performance with the 
correlation coefficient of 0.962, and the root mean square error (RMSE) values for the 
ANN training and predictions were very low relative to the experimental range. So, this 
ANN model (Model 7) can be used to predict the thinning effect for composite. Model 7 
proved to be able to make appropriate predictions using 9 parameters as input. It was 
possible to establish a temperature threshold criterion that worked across all plates with 
different number of layers. 
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Correlation ANN Model 
1 IOL 9 0.480 0.024 0.155 
= Y1 	-1'26412+ 
Tff.,6*Tmin.12* 0.00031804 






0.603 0.701 0.838 












Y1 = -0.156923 
	+VWeight*N2*0.196841 
Yl = 19.7529 + 	-- 
T.,12* 3  ..7itn,6*(-  
0.0447854) + (Drill 
Diameter)2*0.0750143 
5 10L+30L 18 0.297 0.409 0.957 0.978 
0.888 
Y1 = -0.0636323 + 
N391 *0.0798842 + 
N2*0.944851 
6 20L+30L 18 0.633 0.776 0.788 
) 1'1 	-1.12516e-13 + 
 N18*1 
7 IOL+20L+30L 27 0.436 0.511 0.925 0.962 
Y1 = 0.0355481 - 
N223*0.134871 + 
N4* 1.12205 
Selection of relevant properties and values of parameters is important to reduce the 
ANN model complexity. To calculate importance of variables, variables were replaced in 
the model with their mean value one by one and measure the root mean squared error 
(RMSE) of the "new" model. Original model error is considered a zero percent impact on 
RMSE and 100% impact is a case where all variables are replaced with their mean. The 
impact can easily exceed 100% in the case the variable in a model is multiplied by another 
variable or squared. A small negative percentage can also happen if a variable is merely 
useless for the model. Impact on RMSE is a percentage value that helps to compare 
variables and reference values, it is calculated as: 
Rvar Ron 
impact = 	X 100% 
Rau — Rori 
15 
206 
where Rvar is RMSE of the variable considered, Rot; is zero-impact RMSE and Ran 
is RMSE of a model where all variables are replaced with mean. Residuals is used to add 
differences between actual and model values. Table 38 shows the impact of each 
parameters on the model accuracy. It can be concluded that the temperature at Time = 6 
minutes has negative effect on Model 1 while temperature measured at time of 12 minutes 
has the most important factor on all models. 

















101.-20L+30L 10L 201, 10L+30L 20L+30L 
Tinax,12 0 0 0 22.93% 0 0 12.86% 
Tmin,12 127.10% 0 0 0 2028.00% 391.80% 124.00% 
31/Trytin,12 0 97.19% 55.54% 2268.00% 0 
3 /7.  V 	max,6 -2.29% 0 
-68.12% 0 0 0 U 0 0 
0 0 0 51.84% U 0 0 41 T min k V 
Drill Diameter U 0 0 11.35% 199.60% 20.81% 12.21% 
:/Drill Diameter 0 4.82°0 U 0 241.10% 0 0 
Glue weight 0 0 0 0 0 0 224.40% 
VGlue weight 0 0 0 0 493.30% 0 0 
Glue/Fiber Ratio 0 0 0 0 0 0 26.57% 
NI. 0 0 0 0 0 140.30% 190.60% 
%VT 0 0 36.59% 0 405.40% 481.40% 272.70% 
VITVT- 0 0 0 0 1871.00A 0 0 
Weight 0 0 0 0 929.40% 313.10% 124.00% 
Weight .._ 	.......... 	.. 
0 0 7.16% 0 885.70% 1.30% 0 
ATiz 0 0 0 0 160.40% 0 6.55% 
VATI -2 0 0 0 0 176.60% 0 0 
The actual vs. predicted values of the remaining wall thickness are presented in 
Figure 75 to Figure 81 for all analyzed models. Model predictions are red, model values 
fitted to the data are blue, the actual data which is available from the initial dataset is gray. 
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The plots also show confidence band which is the 95% calculated for predictions. 
Confidence band calculation uses model values fitted to the data (blue curve), it equals to 
two standard deviations (2a) of model residuals. From the analysis, it is observed that the 
variation between actual thinning depths and predicated depths obtained from ANN is 
within acceptable limit for Model 5 and 7. By comparison, it can be observed that the ANN 
actual and predicated results for different plates are not linear. The more higher thickness 
of the plate, the clearer thinning is observed by the thermal imaging. This may be because 
of the reason that the higher composite plates' thickness produces better thermal contrast. 
From the above results, it could be observed that, model 7 is the most accurate model 
among the others in predicting the remaining thickness. 
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Figure 81: Actual Data Vs. Predicted for 10L-20L-30L Group (Model 7) 
The temperature distributions along the rectangular area of the plate with 40X40 
pixels were analyzed with more details for Plate 30L-3 as example. The resulting 
thermograms were processed using the FLIR IR Research software. An attempt was made 
to convert the infrared thermography data, shown in previously, to a binary image. 
Afterward, the individual binary images were analyzed using image processing software 
as well as Microsoft Excel. The result for all samples are shown in Figure 82and Figure 
83. The depth of the defects measured by the thermal imaging were compared with the pre-
drilled holes shows close agreement. As a general observation, the contour of the 3D 
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Figure 82: Temperature Contour (2D) for Plate 30L-3 (Thickness 8.5 mm, Drill Depth 
2.13 mm, Drill Diameter 1 mm and WTr=6.38 mm) 
070-72 072.74 c 74-76 76-78 078-80 080-82 082-84 
(a) 3-D Representation of the Temperature 
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Figure 83: 3-D Representation of the Temperature and Thickness (2D) for Plate 30L-3 
(Thickness 8.5 mm, Drill Depth 2.13 mm, Drill Diameter 3 mm and WTr=6.38 mm) 
7.5 Conclusion 
Combination of infrared thermography, image processing and statistical analysis was 
conducted to come up with a novel approach, to detect the thinning of three sets of 
fiberglass plates made with 10, 20 and 30 layers of 0/90-degree stacking. The 27-thinning 
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effect ranging with a drill hole diameter size of 1, 2 and 3 mm with 25, 50 and 75% drill 
depth were considered. The infrared thermography was conducted at several heating 
exposures for the ultimate objective of finding the optimal parameters to quantify precisely 
the thinning of the fiberglass plates. This study shows the importance of inferred 
thermography time exposure for better and enough heat penetration. The inferred 
thermography alone is a slow process for detecting the thinning where most of the time is 
spent in heating time of the samples that reach 12 minutes where data processing is another 
time-consuming process. More time is needed as concluded from this study to achieve the 
required penetration of the heat (thermal diffusion length) to detect the thinning effect. 
High accuracy in detecting the thinning of the fiberglass was achieved in this work for 
precision characterization of the fiberglass thinning. Thermography detection for damages 
in fiberglass can be automated which is the authors' future work. In a fiberglass material 
with 0/90 stacking sequence, 12-minutes exposure time needs to be adopted for correct 
measurement of the thinning defects. This study concludes that there is a strong correlation 
between defect size and the infrared thermography inspection time. Use of long-wave 
thermal imaging camera is preferred as the price of such camera is cheaper than mid-wave 
camera by three times. More data training using both mid and long wave camera 
simultaneously is required to find a correlation factor. This will help using much cheaper 
camera with high confident that will eliminate inspection cost and will make the 
thermography used widely in oil and gas industries for fiberglass piping network. 
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The presented study discussed an accurate approach for the thinning estimation in 
composite plates using thermal imaging as well as ANN models. Promising results 
regarding severity and location of the thinning were obtained. Nevertheless, basing on the 
ANN model analysis it was found that Model 7 is the most suitable for the considered 
problem due to the lowest values of the standard deviation of the obtained results. The 
model can be further enhanced as there are much more properties and parameters could be 
added for the ANN model including the material properties which was not available during 
the study as it is a trivial task. The presented studies are the part of the ongoing research 
project. Further studies will be concentrated on the development of new thermal imaging 
approach, particularly for fiberglass piping sections. Followings are the major conclusions 
from this study: 
• Identification of the correct capturing time as well as the temperature response of 
the undamaged composite region is necessary to determine the maximum/minimum 
temperature range needed to define the thinning region. 
• The thinning effect was associated to the magnitude of the temperature change 
measured using the infrared thermography technique at any observation time. 
• Inferred thermography can accurately define the location and extent of the deep and 
sallow thinning under appropriate testing conditions. 
• The nature of the inferred thermography method enables fast and efficient first 
screening of large structure with basic capabilities of the camera. 
• It is difficult to find general rule-based criteria for interpretation of inferred 
thermography images because of the variable nature of the data in terms of the 
temperature range and sensitivity to surface conditions and measuring time. 
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• The study demonstrates that it is possible to access the thinning severity 
experienced by the composite materials through inferred thermal imaging. 
• The thermographic image could be made single-sided without couplants and 
relatively quickly which made it widely accepted in the nondestructive inspection 
field. 
• The ANN proved to be a powerful technique for generating models that help to 
relate the input data with the required output. 
• The estimation of thinning parameters is closer with less than 1% error, when it is 
tested with trained data but it is deviated slightly with data other than trained data. 
The overall absolute error for untrained data, is less than 8%. 
• The ANN model presented in this study can be used for the estimation of fiberglass 
thinning without manual interpretation. For future work, the network can be trained 
with more experimental and computational input data to use it in the field work. 
• Infrared thermal images after statistical analysis can successfully demonstrate the 
thinning sizes. 
• The use of thermography testing data along with ANN models seems more viable 
than other nondestructive tools, as together they can describe different types of 
damage on composite material. 
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CHAPTER 8: FUNCTIONAL FAILURE IN FILAMENT-WOUND COMPOSITE 
PIPE- A PARAMETRIC SENSITIVITY ANALYSIS APPROACH 
8.1 Introduction 
The performance of filament-wound FRP composite is dependent on the properties of 
constituent materials (i.e. fiber, matrix and fiber-matrix interface) as well as on the 
manufacturing and design parameters (e.g. fiber lay-up, laminate stacking sequence, 
mandrel diameter, winding tension, winding time, fiber wet-out, etc.). The typical loading 
conditions for pressure pipes are combinations of biaxial stress ratios caused by internal 
pressure and axial stress under monotonic or fatigue loading. Three main loading ratios 
have frequently been stated in many publications; these are pure axial tension or 
compression, pure internal pressure, and the closed end condition or pressure vessel type 
loading. Several studies demonstrated that biaxial failure stress-strain behavior of filament-
wound glass-fiber/epoxy tubular is dependent on loading rate, i.e. failure stresses increased 
with higher loading rate. Similarly, it was observed the effect of time-dependent behavior 
on stress-strain response and damage mechanism of composite pipes. 
Sensitivity analysis is a tool utilized in engineering problems to recognize the effect of 
input data parameters on the state variables, for example, displacement, stress, strain and 
temperature. On account of composite laminates, the structural failure relies on upon 
various parameters, which have been widely studied by various researchers. Be that as it 
may, the reported work has up to this point missed the mark regarding giving the critical 
analysis on the order of degree of influence of the considered variables on the failure mode 
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of the composite laminates and pipes. In this chapter, sensitivity analysis approach was 
presented a to ascertain the level of influence of different mechanical and material design 
parameters on the failure mode of the composite laminated pipes. Here we demonstrate 
that in view of the standardized sensitivity coefficients, one can decide the influence of 
every individual parameter and subsequently recognize the parameters, which should be 
viewed as all the more fundamentally in the FRP pipe design. The standardized sensitivity 
coefficients henceforth give a numerical indicator of the components having more 
influence on the failure of the composite pipes. 
8.2 Geometrical Models 
The numerical model was chosen based on actual sample for a 6-inch pipe 
manufactured for the use in oil hydrocarbon pipeline. It is rated as 1500 psi per API 15HR. 
The geometric dimensions of the 6-inch FRP pipe are provided in Table 39. The 200-mm 
length FRP pipe was modeled using ANSYS Finite Element (FE) code and the pipe section 
was modeled as an area without thickness where thickness and orientation given as the 
composite layup data. No symmetry was considered for the composite FRP pipe during 
modeling. Orthotropic failure criterion was considered. The internal surface of the pipe 
was subjected to pure internal pressure of 1500 psig. To prevent rigid-body motion, the 
pipe section was restricted from the movement in both end in X and Y directions as well 
as from rotation. 
 
Table 39: Nominal Values for the input variables 
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Variable 	Description 	 Nominal Values 	Unit 
L Pipe Length 200 	 mm  
ID 	Internal Diameter mm 	 140.25 mm  
WT Wall Thickness 9.99  	mm  
Tp 	Lay-up thickness 	 0.55 	 mm  
N 	No. of Layers 	
18 layers 
(9 filament wound layers [+0 1-0]) 
WA 	Winding  Ankle (9) 	±59 
The materials properties of the glass composite ply were used based on the literature 
(Table 40). The stacking sequence was selected based on the manufactured pipe as shown 
in Figure 84. Figure 85 represents the geometrical model of the 6-inch pipe where the 
meshing of the FRP pipe is shown in Figure 86 for the nominal cases and in Figure 87 for 
cases with in-between rings of (20 mm wide and 35 mm spacing between the rings). Figure 
88 shows the ply configuration for the nominal case. 
Table 40: Materials Properties of the Fiber Reinforced Composites [173] 
Epoxy E-Glass 
UD 
Epoxy Carbon Woven 





Ei (MPa) 45,000 61,340 
E2 (MPa) 10,000 61,340 
E3(MPa) 10,000 6900 
G12 (MPa) 5,000 19,500 
G23 (MPa) 3,846 2,700 
G13 (MPa) 5,000 2,700 
V12 0.3 0.04 
V23 0.4 0.3 
V13 0.3 0.3 
Ply Strengths 
Xt(MPa) 1,100 805 
Yt(MPa) 35 805 
Zt(MPa) 35 50 
Xt(MPa) 675 509 
Yc(MPa) 120 509 
Zc(MPa) 120 170 
S12(MPa) 80 125 
S23 (MPa) 46.154 65 
S13 (MPa) 80 65 
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Figure 84: Actual FRP Composite Pipe used for modeling 
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Figure 85: Geometrical Model of the 6-inch Composite Pipe • 
Figure 86: Model showing the mesh of the pipe 
Figure 87: Model showing the mesh for cases with in-between rings of (20 mm wide and 


































Figure 88: Layup plot and material orientation for the nominal case (18 lyaers) 
8.3 Sensitivity analysis 
The output variable for sensitivity analysis was selected to be the lay-up thickness, the 
total number of the layers as well as the materials properties. The selection of the optimum 
parameters for composite pipes that give high pressure bearing capacity should consider 
several factors related to the materials properties as well as to the way of manufacturing of 
the composite pipe. To get the desired pressure rating, it is vital to know interrelationships 
between these parameters and the pipe pressure rating. The procedure of coming up with 
this relationship is not a simple undertaking because there are some unclear, nonlinear 
process parameters. Knowing which parameters affect the enhancement on the composite 
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bearing pressure limit, and which parameters give the most noteworthy effect, are the 
primary issues in composite industry. 
The study in the previous chapter is deterministic because it is based on the nominal 
values of geometric and material properties. Nevertheless, we know that all these 
parameters are stochastic in nature and they usually vary over a range. Thus, a probabilistic 
analysis should be done to capture the effect of variability in the governing parameters on 
the performance of a composite pipe. This is achieved by defining the major governing 
parameters as random variables with an associated probability distribution functions and 
range of variation. The information about distribution and range of variation are found from 
the literature. Then, Monte Carlo method is used to study the effect of variation in material 
and geometry parameters on the composite pipe behavior. In addition, the analysis results 
provide the correlation among input and input-output parameters. This information would 
be very useful in identifying the severity of different parameters on the strength 
characteristics of the composite pipe. 
The composite pipe is manufactured by filament winding and the overall pipe thickness 
is determined by the individual layer thickness and number of layers. Depending on the 
winding parameters (filament tension and quantity of resin) the layer thickness may have 
some variation. Generally, the geometric dimensions are considered as a random variable 
with normal distribution. Three mechanical properties E 	and G are selected as 
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governing parameters. These parameters can also be assumed to have normal distribution 
with a standard deviation equal to 5% of the mean value [184]. 
The Monte Carlo method is a numerical method of solving mathematical problem by 
the simulations of random variables [185]. In other words, the method can numerically 
conduct an experiment several times to evaluate the effect of variability in the governing 
parameters on the outcome of the experiment. For our case we selected the radial, 
tangential, axial and the von Mises equivalent stress as the outcome of the numerical 
experiment. The Probabilistic Design System (PDS) module of commercial finite 
element software ANSYS [186] is used for the Monte-Carlo simulation. A total of 1000 
analysis loops are run to obtain the output parameters as a function of the set of random 
input variables. The histograms of the output random variables (i.e. stress values) are 
shown in Figure 89 to Figure 92. The distribution is close to normal distribution that 
shows that the output variables have the same trend of variation as the input parameters. 
The values of important statistical parameters are given in 
Table 41. As expected the vonMises stress value is mainly governed by the hoop stress 
value, whereas presence of radial stresses is negligible due to low thickness in comparison 
to the pipe radius. The existence of non-zero axial stresses are due to anisotropy caused by 
winding angle. As we know that, the standard deviation is the measure of spread of the 
data. This is useful in evaluating the minimum and maximum with respect to the mean 
value and a high value shows large spread. The skewness is a unit less parameter that 
provides the information about the measure of symmetry. A zero value is symmetric, 
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positive value is asymmetric with a long tail to the right (i.e. towards maximum) and the 
negative is asymmetric with a long tail to the left (i.e. towards minimum). The kurtoisis is 
again a unit less parameter, which is a measure of deviation from Gaussian distribution. A 
zero value indicates the Gaussian distribution, a positive value means that the distribution 
is more peaked than Gaussian and the negative value means the flatter distribution 
compared to Gaussian distribution. The low values of skewness and kurtosis are indicating 
the output variable distribution is closed to normal distribution. 
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Figure 92: Histogram of output random variables for Axial stress 
Table 41: Statistical properties of output random variables 
Stress Unit Mean Min Max St. Skewness Kurtosis 
Type Dev. 
vonMises 04Pa) 84.87 66.10 101.50 4.51 0.19 0.18 
Radial (MPa) 0.085 0.067 0.10 0.004 0.26 0.28 
Hoop, IMPa) 78.98 63.12 94.71 4.04 0.26 0.28 















Figure 93: Rank order correlation sensitivity of output random variables vonMises 
Equivalent stress (where T: Thickness, WEY: Elastic Modulus in Y-Direction, THETA: 
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The probabilistic sensitivities between all random input variables and some random 
output parameters evaluated using Spearman rank order correlation coefficients with a 
significance level of 2.5%. This is a measure of how well the relationship between two 
variables can be described using a monotonic function. The rank order sensitivities are 
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Figure 94: Rank order correlation sensitivity of output random variables axial stress 
(where WEY: Elastic Modulus in Y-Direction, THETA: Winding Angle, WEX: Elastic 
Modulus in X-Direction, WGXY: Shear Modulus in XY-plane, T: Thickness) 
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The hoop and radial stresses have a value of correlation coefficient 1 for the composite 
layer thickness (for a confidence level of 2.5%), therefore those results are not shown here. 
That's why the charts clearly show that the layer thickness has the most significant effect 
on the vonMises stress value, because the vonMises stress is governed by the hoop stress 
value. The negative sign shows that decreasing thickness will increase the stress and vice 
versa. The other significant parameters are the Young modulus in transverse direction, in-
plane shear modulus and winding angle. These parameters are due to axial stresses as 
shown by Figure 93. That shows that the young modulus in transverse direction as well as 
winding angle have positive values of correlation coefficient that means increasing these 
two parameters would also increase the axial stresses. 
8.4 Results and Discussions 
The sensitivity analysis in preceding section permitted to identify the significant input 
parameters (i.e., geometric and material properties) on the stresses. As expected, the 
thickness is the most significant parameter (Figure 94) that influence the hoop stresses and 
increasing the thickness would certainly increase the pipe strength. The important finding 
of the sensitivity analysis is the identification of those elastic properties that have 
significant effects. The elastic properties may also be improved by using a material with 
improved properties (e.g., carbon fiber instead of glass fiber). Indeed, the considered pipe 
made up of nominal glass fiber material. To improve the material properties a combination 
of materials may be used in a single filament wound pipe (i.e., some carbon fiber layers in 
between glass fiber layers) or alternatively some metallic rings can also be embedded in 
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between the glass fiber layers to improve the elastic properties of the entire pipe). To 
achieve these objective different combinations have been considered to study the strength 
of such multi-material filament wound pipes. The combinations are selected in a way to 
improve those material properties which have significant effects on the stress values. 
Rule of mixtures was utilized for the calculation of Tsai- Wu factors. This rule is a 
weighted mean used to predict various properties of a composite material made up of 
continuous and unidirectional fibers. It provides a theoretical upper- and lower-bound on 
properties such as the elastic modulus, shear modulus and failure strengths. In general, for 
some material property E, the rule of mixtures states that the overall property in the 
direction parallel to the fibers may be as high as: 
E = f (Ef  + (1— f)E,, 	 16 
Where Ef is the material property of the fibers and E. is the material property of the 
matrix while f is the volume fraction of the fibers and can be calculated as follow: 
f = 	
Vf 
vf  +v„, 
	 17 
where V is the volume and subscripts f and m are for the fiber and matrix respectively. 
Other properties can be also calculated using the same principle. For a 2D plane state of 
stress (a3 = 0, T13 =0, T23 =0), the Tsai-Wu failure criterion is expressed as: 




The coefficients Fij of the orthotropic Tsai-Wu failure criterion are related to the 
material strength parameters of the lamina and are determined by experiments. They are 
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The calculated factor of safety (FOS), which is the coefficient by which all laminate 
stress components should be multiplied to reach laminate failure according to the Tsai-Wu 
criterion stated above. The FOS for laminate failure is calculated from: 
+ R 











where the coefficients are given by: 
Cl = F1(3-1 + F20-2 + F6T12 
C2 = F11ai F226i F66Cq F6eq2 2F12G1Cr2 
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A factor of safety larger than 1.0 indicates that the laminate is safe from failure. In the 
eight cases that have been modeled, it was found that laminates in all cases are safe from 
failure except for case # 3 (Glass Fiber with 90-degree glass fibers at layers 9 and 10 (at 
the middle). The highest reported factor of safety was found for Case # 5 with 1.56 as 
shown in Figure 96. 
Table 42: Pipe Cases Configurations 
Case No. Lay-up Configurations 
1 	Nominal Glass Fiber Composite 
2 	Nominal Carbon Fiber Composite 
3 	
Glass Fiber with 90-degree glass fibers at layers 9 and 10 (at the 
middle)  
4 	Glass Fiber with 
90-degree carbon fibers at layers 9 and 10 (at 
the middle)  
5 	Alternating 2 layers of glass and carbon 
6 	
Carbon Fiber with 90-degree carbon fibers at layers 9 and 10 (at 
the middle) 
Glass Fiber with 2 Layers of Glass Woven in 3 Rings (See 
Figure 99 for the Meshing Model) 
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Figure 95: Maximum von-Mises stress for all cases in MPa at constant 
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This study presents results of the simulations carried out to study the effects of various 
parameters upon the mechanical strength of the composite pipes. The main conclusions 
drawn from this work are summarized as follows: 
1. The most profound effect of all the variables is that of the layer thickness and hence 
the thickness of the pipes. The layer thickness has the most significant effect on the 
von-Mises stress value for the loading case of pure internal pressure. 
2. Care must be taken in the selection of material and designing of the composite pipes 
as to maximize the utilization of the tensile strength of the fibers. 
3. Hybrid Fiber with alternating 2 layers of glass and carbon (Case # 5) shows the 
highest factor of safety among the other cases. For future work, sensitivity analysis 
for this case will be carried out for further enhancement of the pipe structure from 
strength point of view. 
Table 43: Summary of Stress Components for all Cases 
CASEI CASE2 CASE3 CASE4 CASES CASE6 CASE? CASES 
Main 
Material 
Glass Fiber Carbon Fiber Glass Fiber Glass Fiber 




2 Layers of 
GF at 90 
degrees 
2 Layers of 




2 Layers of 
CF at 90 
degrees 
2 Layers of 
Glass 
Woven in 3 
Rings 
2 Layers of 
Carbon 






6260 5343 5362 5362 5343 5362 5356 3367 
VMmax 
(Pa) 8.41E+07 
1.31E+08 8.73E+07 8.63E+07 6.83E+07 1.39E+08 8.30E+07 8.33E+07 
ax (Pa) 1.22E+05 1.21E+05 1.26E+05 1.25E+07 9.89E+04 1.28E+05 1.17E+05 1.20E+05 
ay (Pa) 7.89E+07 7.86E+07 8.19E+12 8.09E+07 6.41E+07 8.32E+07 7.58E+07 7.74E+07 
az (Pa) 3.99E+07 9.36E+07 4.15E+07  	4.10E+07 3.24E+07 9.91E+07 4.52E+07 4.50E+07 
axy (Pa) -9.38E+02 1.20E+03 1.16E+03 9.32E+02 1.21E+03 1.86E+03 1.68E+04 2.91E+04 




















(Fraction) 1.0000E+00 1.0000E+00 1.0000E+00 
9.5455E-01 9.8485E-01 9.8485E-01 
Yt(Pa) 1.00E+08 1.00E+08 1.00E+08 1.00E+08 1.00E+08 1.00E+08 1.03E+08 1.04E+08 
Yc(Pa) 2.37E+08 1.60E+08 2.37E+08 1.60E+08 1.95E+08 2.37E+08 2.40E+08 2.42E+08 




1.190-09 7.00E+08 6.94E+08 6.99E+08 
Xc(Pa) 	 3.00E+08 1.00E+09 3.00E+08 5.56E+08 3.00E+08 3.02E+08 3.05E+08 
S12(Pa) 6.40E+07 1.40E+08 6.40E+07 9.49E+07 6.40E+07 6.45E+07 6.47E+07 
S23(Pa) 6.40E+07 1.40E+08 6.40E+07 1.401. i 08 9.49E+07 6.40E+07 6.40E+07 6.47E+07 





F2 5.78E-09 3.75E-09 5.78E-09 3.75E-09 4.87E-09 5.78E-09 5.54E-09 
F12 7.09E-18 2.80E-18 7.09E-18 2.80E-18 4.40E-18 7.09E-18 6.95E-18 
Fll 4.7619E-18 5E-19 4.7619E-18 5E-19 1.50757E-18 4.76190-18 4.770070-18 







0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.18E-10 0.00E+00 
5.10204E-17 2.441411--16 5 .102040-17 1.10987E-16 2.44141E-16 2.42187E-16 2.38883E-16 





C2 2.631:-01 3.87E-01 2.830+09 2.11E-01 2.33E-01 2.37E-01 




1.27 1.27 0.00 1.23 1.56 1.20 1.36 1.35 
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CHAPTER 9: ENHANCED FIBERGLASS PIPE DESIGNS FOR HIGH-
PRESSURE APPLICATIONS: EXPERIMENTAL AND COMPUTATIONAL 
APPROACHES 
9.1 Introduction 
Carbon steel pipes are heavily used by oil and gas industries to transport the 
hydrocarbon from one point to another. The main cause of pipe failure is internal and 
external corrosion, therefore large sums of money are spent on corrosion control and 
maintenance. Fiber reinforced polymer pipes are an attractive alternative to steel as they 
are currently used in most types of advanced engineering structures. Corrosion-free, 
mechanical robustness and low-velocity impact resistance are the most common 
requirements for the challenging high pressure, environments. Several field applications of 
high-pressure fiberglass pipes have been made in recent years (Figure 97). Filament 
winding is widely used for manufacturing of fiberglass pipes. This process starts by 
incorporating a large number of fibers in a thin layer of matrix to form a ply [187]. Epoxy 
is the main polymer used as matrix for the manufacturing of high-pressure pipes. Various 
layers in a ply can contain fibers in different directions. It is also possible to combine 
different types of fibers (for example glass and carbon) to form a hybrid laminate. 
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Figure 97: Field installation of high-pressure fiberglass for hydrocarbon pipelines (Saudi 
Aramco) 
For damage mechanism characterization and type of failure identification, post-impact 
analysis of the damaged sample is required [7]. Visual inspection can be used to analyze 
the impact-tested samples for specific damage types that include dent/depression, cracking/ 
splitting, fiber failure, and delamination. 
The technical literature shows that the low velocity impact behavior of composites 
for low pressure and utilities applications has been comprehensively studied. Enhanced 
designs of composite pipe from strength and impact point of view is needed to increase the 
confidence of oil and gas companies to use the fiberglass pipes in more challenging 
environment. The objective of the present work is to develop an enhanced design of 
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fiberglass pipes for high pressure environment that fulfill the internal pressure static testing 
and has better impact resistance. The methodology adopted in this work is presented 
through a flowchart as shown in Figure 98. The fiberglass pipe for high-pressure 
applications, available in the market, is considered as a bench marking case for the 
developed finite element model. The model is validated by experimental results. The 
validated model may be then used for the ultimate design of the fiberglass pipeline that 
fulfill both static and impact testing. 
API-15HR fiberglass pipe samples (filament 
winding) brought from the market for high pressure 
application 
        
Experimental Testing for 
Drop-Tower Impact 
  
Modeling of Pipe Impact 
using ANSYS LSDYNA 
 
        
  
Calibration and Validation 
  
    
    
    
New Pipe Design for better Impact Resistance that fulfils the 
tensile strength criteria under static pressure loading 
 
Figure 98: Flowchart for the entire experimental and modeling procedure in this study 
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9.2 Impact Testing 
The pipe specimen for the experimental study are bought from market which is 1500 
rating for a 6-inch pipe manufactured for high pressure application. Table 44 shows the 
pipe's specification per API 15HR standard [165]. 
Table 44: 6-inche API 1500 15HR Technical Specification [165] 
Min 	 Axial 	Min 
Nominal 	
Nominal ID 	 WT 
Nominal 	Nominal 	Nominal 	 Nominal 	Collapse 
Tension Bending 
Spec. 	Dia Drift Dia OD WT Weight Rating 
(inches) (inche 	 Rating 	Radius 
(inches) 	 (inches) 	(inches) 	(inches) 	 (lbs/ft) 	(psi) 
s) (Ibs)  (ft) 
1500 
API 	6 	 5.43 	 5.33 	6.17 	0.37 	0.35 	6.3 	1400 	40500 	308 
151IR 
The glass fiber-reinforced pipe samples were impact tested by a drop tower 
"INSTRON Dynatup 9250G." Figure 99 shows the actual view of the drop weight machine. 
The 6-inch 200-mm fiberglass pipe test specimen were positioned under the drop tower 
using an in-house manufactured V-shape block. The equipment consists of a striker holder, 
which accommodates additional weights, striker, and hemispherical impactor. The 
hemispherical impactor head had a diameter of 1 inch. Weights were added to alter the 
energy of the impact. For all impact tests in this study, the mass of the impactor as well as 
impact velocities are varied to achieve the desired level of energies (20, 70, 100 and 210J) 
as reported in Table 45. The samples are named based on the energy used for the impact 
testing. 
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Very Low 20J FRP-P1-20J 8.98 2.09 
Low 70j FRP-P1-70J 9.59 3.80 
Medium 100j FRP-P1-100J 13.95 3.77 
Severe  210J 	 FRP-P1-210J  	26.10 3.99  
The impact velocity was measured by a photocell device that is placed in the path 
of the striker before the impactor strikes the composite pipes. The force-time history is 
measured from the point of initial contact with the pipe. The energy is calculated from the 
integration of the force-time signal. The force-time and energy-time histories were 
recorded by the data acquisition system. For those impacts where the striker rebounds from 
the composite pipe, multiple impacts may occur causing undesirable excessive damage. To 
avoid such repeated impacts, two rebound arrestors were located on both sides of the 
composite pipe. The arrestors are pneumatically actuated rebound, and spring up and 
separate the impactor from the composite pipe after the first impact. 
Figure 99: Actual view of the of drop weight machine 
As per the procedure described previously, four impact tests were performed to 
determine the amount of impact energy lost in damage during the impact process for each 
of the defined cases. The consolidated measured parameters for the four cases are listed 
inTable 46. Figure 100a summarizes the measured absorbed energies for seven cases 
whereas Figure 100b shows the energy-time histories for selected cases labeled as A, B, C, 
and D respectively. The selected cases are simulated using FE in section 4. As it can be 
noticed, the difference in impact for each case between the applied and the absorbed energy 
increases as the impact energy increase. 
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Table 46: Experimental Test Results 
Case Specimen ID 







Test 1 Test 2 Test 3 	Test4 Test5 Mean 
A FRP-P1-20J 16.10 16.75 	 15.85 15.90 16.00 16.2 0.37 
B FRP-P1-70J 63.00 62.60 63.35 62.25 61.30 	 62.50 0.79 	 5.96 
C FRP-P1-100J 87.90 88.55 88.90 83.60 87.00 87.10 2.13 7.78 
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Figure 100: Summary of the measured absorbed energy (a) Impact vs. absorbed energy 
for all fiberglass pipe samples (b) Energy-time histories for selected cases 
The visual inspection of the tested specimens allows us to evaluate the extent of the 
damage as well as the relationship between the damage and the level of the impact energy 
as shown in Figure 101. The layers at the impact locations delaminated from the external 
surface of the pipe and get larger as the impact energy increases. The failure modes include 
delamination and crack or indentation, which are the most common damages. As expected, 
the damage zone increases with the increased impact energies. For all applied energy 
levels, through-thickness damage (i.e., penetration or perforation) is not observed, which 
implies that the applied energy levels are not high enough for such failure mode. It is 
obvious that the reinforcing effect and the high number of layers, contributed to the energy 
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dissipation influenced by the type of resin "epoxy" used in the manufacturing per the 
requirement of the governing standard for high pressure fiberglass pipe "API 15-HR" 
[165]. 
Figure 101: Glass fiber epoxy pipes after impact with different level of energies (20, 70, 
100 and 210 J) 
9.3 Finite Element Modeling 
This section presents a numerical study on the mechanical impact behavior of the tested 
fiberglass pipe specimen using commercial finite element software ANSYS LS-DYNA. 
The modeled pipe geometry is based on the measured dimensions of the pipe sample as 
listed in Table 47. The number of layers were counted using Leica stereo microscope for 
the cross section as shown in Figure 102. 
Table 47: Nominal Values for the input variables 
Variable Description Nominal Values Unit 
L Pipe Length 200 mm 
1 D Internal Diameter [Tim 140.25 mm 
WT Wall Thickness 9.99 Min 
-1.13__ Lay-up thickness 0.55 mm 
N No. of Layers 18 layers 
(filament wound layers [+0 1-0]) 
WA  Winding Angle (0)  ±59 
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Winding Angle 	Wall Thickness Inside Diameter 
High magnification 
picture of the wall 
thickness showing 
number of layers 
Figure 102: 6-inch FRP pipe measurements for the nominal case 
The mechanical properties of the glass fiber reinforced and matrix materials are listed in 
Table 48 using Epoxy E-Glass UD materials for the pipe [171], [173] with orthotropic 
elasticity. 
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Epoxy Carbon Woven 





E, (MPa) 45,000 61,340 
E2 (MPa) 10,000 61,340 
E3 (MPa) 10,000 6900 
G12 (MPa) 5,000 19,500 
G23 (MPa) 3,846 2,700 
G13 (MPa) 5,000 2,700 
V12 0.3 0.04 
V23 0.4 0.3 
V13 0.3 0.3 
Ply Strengths 
Xt(MPa) 1,100 805 
Yt(MPa) 35 805 
Zt(MPa) 35 50 
Xe(MPa) 675 509 
Yc(MPa) 120 509 
Zt(MPa) 120 170 
Si2 (MPa) 80 125 
S23 (MPa) 46.154 65 
S13 (MPa) 80 65 
Shell element combined with orthotropic failure criteria is used to model the 
composite failure and to obtain a more accurate description of the stress distribution along 
the ply thickness. The geometry and the mesh are shown in Figure 103. The pipe section 
geometry is modeled as a shell without thickness, whereas the thickness and the fiber 
orientation are defined through composite layup data using ANSYS Composite Prepost 
(ACP). The amount of damage was calculated as the loss in the kinetic energy of the 
impactor striker. The angle-ply laminate is having a stacking sequence of (8/ -0), where 0 
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is the fiber angle. The striker is modeled as a 3-D nondeformable rigid body. Frictionless 
contact is considered between the striker and pipe. The V-shape pipe holder (deigned per 
ASTM D2444) was assigned as a fixed boundary condition. Contact between the impactor 
and fiberglass pipe as well as between the pipe and the V-shape pipe holder were simulated 
using the automatic-surface-to-surface penalty based contact algorithm, to accommodate 
impact initiation and progress. A contact criterion based on 0.01 mm of normal distance 
between the contact surfaces was adopted for the simulation. 
0.00 	100 00 	200 00 (mm) 
	 0.00 	100.00 	200.00 (mm) 
50.00 	150.00 
	 50.00 	150.00 
(a) Geometrical model 	 (b) Meshed finite element model 
Figure 103: FE model the composite pipe for the simulation of the impact testing 
Meshing is a critical part of explicit simulations. Uniform size hexahedral elements 
are ideal for improved accuracy and fast simulations. Mesh refinement, especially in the 
critical region under the impactor, is important for the accuracy of the results. A 
convergence check is performed, and the refinement is done mostly in the critical areas of 
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the system around the impactor. The value of the absorbed energy was used as the 
convergence criteria. The converged FE mesh of the fiberglass system used for simulation 
had 7275 elements for the fiberglass pipe under 20J impact testing. 
The impactor (12.7 mm in diameter) is modeled as a hemispherical rigid body. The 
initial velocity and mass are set depending on the considered energy level as listed in Table 
3. The impactor has 5 degrees of freedom (x and z translations and 3 rotations) are 
constrained, and only translation in -y direction is allowed. Effective density of 7860 kg/m3 
was assigned to the rigid impactor. Contact between the impactor and the whole laminate 
composite was simulated using the frictionless automatic-surface-to-surface penalty based 
contact algorithm to accommodate impact initiation and progress. A contact criterion based 
on 0.01 mm of normal distance between the contact surfaces was adopted for the 
simulation. 
Contact failure between plies is adopted to model the delamination mechanism. The 
delamination damage is implemented in the simulation model through the use of a surface-
to-surface tiebreak contact algorithm based on the knowledge of the inter-laminar 
properties of the material in terms of normal and shear strengths. Using this approach, each 
ply was modeled as a shell layer of elements, but the nodes between plies initially in contact 
are tied together, inhibiting sliding motions, until a failure criterion is reached, 
corresponding to delamination onset. Tsai-Wu failure criterion, (available in ANSYS LS- 
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DYNA as MAT 55) is used for simulating the failure of shell elements. The progressive 
damage of the material is chosen that describes the progressive failure within the limits of 
strength, strain and time step size and provides three-dimensional state of stresses. [188]. 
Based on the details in Ref. [189] and [190], the failure behavior for the material model 
can be adjusted to the experimental results in a rather exploratory manner. The use of this 
material model provided acceptable results considering the experimental evaluation of 
material test and taking further assumptions for all failure relations. The delamination 
failure is captured with the suppression of the integration points through the thickness of 
the shell elements when matrix failure reached. The amount of damage is calculated as the 
loss in the kinetic energy of the impactor striker. The model is validated by comparing its 
results with the experimental results. 
9.4 Impact Test Simulation 
The distribution of the von Mises (VM) stresses near the impact area (at the instant 
when they are maximum) are shown in Figure 104. The maximum von Mises stress for the 
case of 210J was almost 58% more than for the case of 100J impact. It can be noticed that 
the maximum stress experienced in the fiberglass pipe is at the time of maximum 
indentation. There was no tensile or compressive fiber failures in all cases. The failure of 
the matrix was only significant for the case of 210J impact with the extent of the matrix's 


















the matrix for the other cases was localized. The same evidence was observed from the 
experimental results. 
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Figure 104: von-Mises Stress Distribution for all fiberglass pipe section cases (A) 20J, 
(B) 70J, (C) 100J and (D) 210J 
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9.5 Validation of the FE Model 
The comparison between the measured absorbed energy during experimental study 
with the FE values is presented in Table 50. The maximum difference between the 
experimental and the FE values is less than 1.07 %, which means that the FE model is 
validated by the test results. Therefore, the proposed FE model is capable of predicting the 
actual behavior of a composite pipe under low-velocity impact loading with acceptable 
engineering accuracy. Therefore, the FE model will now be used to perform a parametric 
analysis. 











A FRP-P1-20J 16.25 17.40 -1.15 1.07 
B FRP-P1-70J 62.58 62.50 0.08 0.99 
C FRP-P1-100J 87.21 87.10 0.12 0.99 
D FRP-P1-210J 188.37 188.36 0.01 0.99 
9.6 Proposed designs for high pressure composite pipes 
Many useful techniques have been successfully devised to improve the delamination 
resistance in the past three decades. These techniques enhanced the interlaminar properties 
but at the cost of in-plane mechanical properties [66]. The objective of this section is to 
develop a novel design of filament-wound composite pipe for high pressure applications. 
Several alternate designs are considered, for example, reinforcement of the epoxy resins 
using continuous helical glass fiber with chopped glass particles may enhance the pipes for 
high pressure applications that fulfills both static and impact analyses. Adopting such 
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technique during manufacturing will eliminate the thermal expansion problem that would 
occur if multiple reinforcement materials are used. Another alternate is to come up with 
new polymer that fulfill the requirement for challenging environment with high 
temperature and pressure and the same time will act as fire retardant. Enhancing the resin 
type may be considered for better adhesion. These alternate designs are evaluated using 
finite element simulation for their effectiveness under low velocity impact. 
9.6.1 Alternative design approaches 
The details of the proposed eight alternate designs are presented in Table 51. The 
objective is to investigate their behaviors under internal static pressure and external impact 
loading to identify the best of these designs. 
Table 51: Proposed design cases for high pressure applications 
Case No. 	 Lay-up Configurations 
    
1 	Nominal glass fiber composite 
     
2 Nominal carbon fiber composite 
3 	Glass fiber with 90-degree  glass fibers at layers 9  and 10 (at the middle)  
4 Glass Fiber with 90-degree carbon fibers at layers 9  and 10 (at the middle) 
5 	Alternating 2 layers of glass and carbon  
6 Carbon fiber with 90-degree carbon fibers at layers 9 and  10 (at the middle) 
7 	Glass fiber with 2 layers of glass woven  in 3 rings 
8 2 Layers of carbon woven  in 3 rings 
9.6.2 Static Analysis 
The static analysis is carried out to study the effects of various parameters on the 
mechanical strength of the composite pipes and to shortlist only those design that can be 
further studied for the impact resistance. The 79-inche length fiberglass pipe (200 mm) was 
modeled using ANSYS. The meshed FE model is shown in Figure 105. No symmetry is 
250 
considered. The internal surface of the pipe was subjected to pure internal pressure of 1500 
psig (10.4 MPa). To prevent rigid-body motion, the movement in x and y directions as well 
as all rotation are constrained at both ends of the pipe. Eight cases as shown in Table 51 
were modeled and the stresses on the pipes were recorded where the graphical results 
(Figure 105). The Tsai-Wu criterion is applied to determine the factor of safety for 
composite orthotropic shells. This criterion considers the total strain energy (both distortion 
energy and dilatation energy) for predicting failure. It is more general than the Tsai-Hill 
failure criterion because it distinguishes between compressive and tensile failure strengths. 
Rule of mixtures is utilized for the calculation of Tsai- Wu factors. This rule is a weighted 
mean used to predict various properties of a composite material made up of continuous and 
unidirectional fibers. It provides a theoretical upper- and lower-bound on properties such 
as the elastic modulus, shear modulus and failure strengths. 
0.00 	50.00 	100.00 (mm) 
25.00 	75.00 
Figure 105: Finite element meshed model for the parametric study 
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The von-Mises stresses and the Factor of Safety (FOS) on the modeled cases are shown 
with details in Table 52. A factor of safety larger than 1.0 indicates that the laminate is safe 
from the failure. It is found that case No. 5 (hybrid fiber with alternating 2 layers of glass 
and carbon) has the lowest von-Mises stresses. Among the eight cases considered, it is 
found that the laminates in all cases are safe from failure except for case # 3 (Glass fiber 
with 90-degree glass fibers at layers 9 and 10). The highest factor of safety equal to 1.56 is 
found for case # 5. 
Table 52: Summary of stress components for all cases 







84 	131 	87.3 	86.3 	68.3 	139 	83 	83.3 
1.27 	1.27 	0.1 	1.23 	1.56 	1.20 	1.36 	1.35 
The main conclusions from the internal static pressure testing are summarized as follows: 
• The most profound effect of all the variables on the static analysis from all cases 
that have been simulated is the ply materials. Hybrid fiber with alternating 2 layers 
of glass and carbon (case # 5) shows the highest factor of safety among all 
considered cases. 
• The additional of rings along the pipe has the most influence effect on reducing the 
von-Mises stresses. 
• Care must be taken in the selection of material and designing of the composite pipes 
as to maximize the utilization of the tensile strength of the fibers. 
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9.6.3 Dynamic analysis under low velocity impact 
All those cases with FOS greater than 1, are now analyzed for low velocity impact at low 
(70J) and severe impact (210 J) cases to identify the best design based on their measured 
absorbed energy. The results of impact simulations are presented in Table 53. It is found 
that case 7 and case 8 with 2 layers of fiber woven in 3 rings are the best cases from impact 
point of view as the measured absorbed energy is 64.3 J and 64.4 J respectively which are 
greater than other cases. It is interesting to note that, case 5 was the best case for the internal 
pressure loading but it's the worst case for impact testing as the measured absorbed energy 
is 48.1 J only. It was designed with alternating two layers from glass fiber and carbon fiber 
as the carbon fiber is a structural strengthening system. Case 6 design is comprised of high-
strength carbon fibers fully saturated in a resin matrix. These thin, low-profile laminates 
are bonded at the middle of the fiberglass wall thickness (At layer 9 and 10 for a fiberglass 
pipe with 18 layers) during manufacturing. It is applied at angle of 59 degree in one layer 
and -59 in the other layer. It can be concluded that the design of case 7 and 8 meet or exceed 
durability requirements necessary to provide the desired service life for pipeline structures. 
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Table 53: Impact Simulations Results for all Cases 
Casel 	Case2 	Case4 	CaseS 	Case 6 	Case? 	CaseS 
Factor of 












for 70J 62.50 55.55 61.68 


















There is a particular lack of knowledge about the use of multi-materials-design for pipe 
in high pressure applications as yet no guidelines for the design have been defined. Future 
trend in the industry is to use multi-materials-design that combine the superior mechanical 
properties of the steel (such as high strength and ductility), with the low density and very 
high specific stiffness of fiber-reinforced polymers, for designing and manufacturing 
components that have potential weight reduction and reasonable costs. Pipes in oil and gas 
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industries could benefit out of this multi-materials-design to fulfill the need of corrosion 
free equipment with high strength. 
Hence, significant research is required in this area which is the objective of the present 
work. In this study, the low velocity impact behavior of fiber glass pipes with different 
level of energies are investigated to come up with an enhanced pipe design that can be 
installed in the field safely and reliably. The results presented in the current study gives an 
insight into the effects of the considered parameters on the impact resistance performance. 
The conclusions of the study are: 
• The developed FE model is capable to predict the behavior of high-pressure 
fiberglass pipes under low velocity impact with acceptable accuracy. The FE 
model has been validated by the results of the conducted experimental work for 
existing high pressure pipes available in the market and used by oil companies that 
was designed per API 15HR. 
• It is found that incorporation of rings within the fiberglass pipe with different fiber 
materials or orientation can improve the impact resistance of the pipe as well as 
the mechanical strength under internal static loading. 
• Case 7 and 8, among all the simulated cases, meet and exceed durability 
requirements necessary to provide the desired impact resistance for the pipeline 
structures. 
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The results of the current work motivate the authors to further examine the 
experimental samples, to determine the damage morphology using nondestructive and 
destructive testing tools. The results of this study would be helpful for the fiberglass piping 
manufacturing industries to adopt more methodical approach for the design parameters to 
achieve better impact performance of composite pipe. 
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CHAPTER 10: DAMAGE CHARACTERIZATION OF HIGH PRESSURE 
FIBERGLASS PIPELINE USING COMPUTED TOMOGRAPHY (CT) 
SCANNING 
10.1 Introduction 
Major leaks have continued to occur in most of metallic oil pipeline networks because 
of the internal corrosion. So far, repair and rehabilitation of these occurrences has been 
done through clamping, patching, sleeving, cutting, and complete pipe replacement. With 
the exception, of pipe replacement (using coated pipe) the interventions address to the 
symptom of the problem rather than the cause. The use of nonmetallic piping will have life 
cycle cost saving advantage compared to other alternatives i.e., in-kind replacement, 
coating or lining. Application of fiberglass in crude pipelines would eliminate the 
formation of corrosion related leaks. The significant cost savings would be associated with 
reduced the number of repairs and replacements, economic and environmental costs of 
hydrocarbon leaks, improved pipeline flow characteristics and reduced ongoing pipeline 
scraper requirements as well as significant increases in the useful life of the assets. Many 
field applications of hydrocarbon/high-pressure fiberglass pipes have been made in recent 
years. Corrosion-free, mechanical robustness, and impact resistance are the most common 
pipe requirements for the challenging high pressure, low-velocity hydrocarbon 
environments. 
An important factor delaying the more use of fiberglass pipes in the oil and gas industry 
is its low impact resistance. Switch to fiber-glass-reinforced plastic pipe manufacturing 
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will save scarce metallic materials. Use of 1 ton of fiberglass-reinforced will save at least 
3-5 tons of steel. Glass-fiber composites are the best suited for pipes in terms of cost, 
strength and weight characteristics [191]. In oil and gas industries, it will be expedient to 
use fiberglass-reinforced for pipes and linear equipment fabrications. Damage in composite 
structures is known to influence its mechanical properties and functionality. In some cases, 
damage progression may ultimately lead to structural failure with potential results that 
include damage to property or nature and even loss of human life. While some surface 
damages might be effectively recognized using routine visual assessments, internal damage 
to composite structure cannot be detected by basic visual investigation tools, therefore, 
approaches for the identification of internal damages in composite materials are of great 
interest. 
The utilization of NDT strategies permits measuring the structure integrity of the part 
without defecting the materials. Normal NDT procedures currently used to analyze the 
polymer composite materials include ultrasound, thermography, shearo-graphy and x-ray 
computed tomography [192]. CT is a technique for visualizing interior features within solid 
objects, and for obtaining digital information on their 3-D geometries and properties. The 
great advantage of CT in comparison with the projection radiology is the 3-D visualized 
image of the structure while in projection radiology, the image is only 2-D. Therefore, the 
Computed Tomography data is readable quickly and simply. CT will modify the scale of 
observation from macroscopic to microscopic scale so the results of the CT method are 
very reliable [193]. 
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Overall, the field of composite NDT in oil and gas industries seems, by all accounts, to 
be moderately immature compared to that of metallic structures and aviation composites 
structures. There has been no reference in the literature to inspection reliability or 
acceptance criteria for composite piping, so, there is no quantitative measurement of the 
reliable detection limitations for these inspections techniques. Fiberglass pipe 
manufacturers and pipeline operators shall consider portable and field tool that can be used 
for better understanding of the pipe integrity. Such tool can be customized with the close 
collaboration between the academia and the technological industries. 
CT scanning can provide the insight to the damage morphology of the fiberglass pipes 
that can be interpreted and correlated with other types of examination like optical 
microscopy and thermography imaging. Using more than one techniques for the damage 
evaluation may be helpful in developing a complete picture of the failure mode. 
Alternatively, CT scanning may also be an essential way for calibrating other results 
produced by variety of nondestructive testing techniques. This paper based on the CT-
scanning images at a close spacing of 0.67 mm of the fiberglass tube samples exposed to 
various levels of impact loading. Analysis (a histogram depth trace for each slice as well 
as a continuous histogram map for the whole length) and the images (both slice and 
vertical/horizontal reconstructed slab images) are presented and analyzed. CT scan was 
used to examine the delamination within the wall thickness of the fiberglass pipe where the 
impact damage effect was assessed. 
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10.2 Visual and Optical Microscopy Evaluations 
The visual inspection of the tested specimens allows to evaluate the extent of the 
damage as well as the relationship between the damage and the level of the impact energy 
as shown in Figure 106. The layers at the impact locations delaminated from the external 
surface of the pipe and get larger as the impact energy increases. The failure modes include 
delamination and crack or indentation, which are the most common types of damage. As 
expected, the damage zone increases with the increased impact energies. For all applied 
energy levels, through-thickness damage (i.e., penetration or perforation) is not observed, 
which implies that the applied energy levels are not high enough for such failure mode. It 
is obvious that the reinforcing effect and the high number of layers contributed to the 
energy dissipation influenced by the type of resin "epoxy" used in the manufacturing per 
the requirement of the governing standard for high pressure fiberglass pipe "API 15-HR" 
[165]. Since it is impossible to image to depth of the wall with a microscopy, the pipe 
sample has to be cut and polished before the measurement as shown in Figure 107. 
Figure 106: Impact Damage as shown visually in the internal (above) and external 




(a) Sample-1 (OJ) 
	
(b) Sample-2 (20J) 
(c) Sample-3 (70J) 
	
(d) Sample-4 (100J) 
(e) Sample-5 (210J) 
Figure 107: Cross-sectional images from nearly the impacted regions measured by Leica 
stereo microscope where the red arrows indicate the sign of delamination 
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10.3 Computed Tomography (CT) Scanning 
The reliability of x-ray CT analysis data is strongly dependent on how the sample is 
selected, preserved, and prepared for analysis then who interpret the outcome data. Skilled 
technician is needed that has a critical role for the accurate interpretation of the CT scan 
results. This makes the testing costly and time consuming. To fully characterize the damage 
in fiberglass pipes, a total of five (5) fiberglass tube samples (Table 54 and Figure 108) 
have been impacted at different level of impact loading. The samples are CT scanned using 
the Core128 X-ray CT-scanner (Figure 109) with 0.67 mm beam thickness in a continuous 
helical CT scanning mode (full coverage). In addition, pilot image of their total length was 
taken to observe overall condition where needed as well as to define the locations of the 
slices. 
Table 55 summarizes the details of the CT scanning parameters used during the CT-
based analysis of the cylindrical fiberglass tube samples. 
Table 54: Summary of the CT scanning of the samples 
Sample  No. 
Sample-1 
Applied Load (J) 
0 






Sample-5 	 210 
Table 55: Summary of the fiberglass samples and CT scanning operational parameters 
Description of the samples 	Cylindrical fiber glass tube samples 
Sample size 
• 200 mm long 
• 160 mm outer diameter 
• 9.9 mm wall thickness 
0.67 mm 
 




120 kV/100 mA 	 
Continuous CT scanning helical mode 
 
 
      
Figure 108: Cylindrical fiberglass pipe samples; CT scanned and reported (damaged 
areas of various sizes on sample tubes are due to various levels of loading, i.e., the higher 
the loading the larger the damaged area. Photo was captured after the tests as received). 
Figure 109: A set of tube samples is being CT scanned by the Core128 CT-scanner 
The CT scanning images obtained using the Corel28 CT scanner are presented in 
Figure 110 and Figure 111. These CT figures provides a comprehensive detail including 
both visual as well as analytical data. In principal, Figure 110 shows five different modes 
of data display for each load. A histogram depth trace for each slice is given for the first 
mode (Mode-1), which were plotted by utilizing the real length and dividing of the slices 
in mm so that a more sensible correlation can be made. The second mode (Mode-2) gives 
the continuous histogram map for entire length. Horizontal and vertical slabs acquired by 
splitting the digitally formed 3-D volume element in horizontal and vertical positions are 
given in Mode-3 and Mode-4 respectively. 
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The color-coded legend comprehends the meaning of the dispersion in colors for 
Mode-5. For simplification, the first medical industry adopted the CT Number (CTN) 
based on an arbitrary attenuation scale as -1000 and 0 for the CT numbers for air and 
distilled water, respectively. CT scanning slices occasionally demonstrate that a single (e.g. 
dark yellow or green) colored corona exists at the fringe of images. This is because of a 
CT artifact called "beam hardening effect" and generally found in slices containing higher 
density core materials. In any case, beam hardening does not represent true density value 
in the affected areas, but instead those areas appear in that way. Consequently, it is valuable 
data to note that during numerical, statistical or visual examination, the affected areas 
(affected slices) should be disregarded and the rest of the areas (unaffected) would be 
analyzed. 
To enable a direct comparison between all the scanned samples and to highlight the 
various features and characteristics of different densities (if exist) as well as any voids with 
a different color representation, a minimum CT number of 500 and maximum CT number 
of 1700 have been used in this experimental work. This implies any voids or structural 
discrepancies from these slices that are smaller than minimum selected CT number would 
be viewed as black and those higher than maximum selected CT number will be viewed as 
dark red. 
The color code represents the CT numbers (Hounsfield units) in view of the density 
of the specimen, i.e., specimen with higher density produce higher CT numbers. It 
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comprehends and interpret the meanings of the colors over slices and slab pictures. In the 
present work, for instance, blue color blended with black on a slice picture showing the 
lower density, while yellow color blended with red demonstrating the higher density 
values. A single color on a slice picture shows the high homogeneity level. Then again, 
mix of various colors, e.g., blue, green, yellow, and red or mix of two or three colors on a 
similar slice picture shows the presence of heterogeneity, i.e., diverse densities. Henceforth 
it is fundamental that when interpreting any CT slice images; color codes should always 
be used. 
For the gray colors in 3-D images, the lighter areas indicate higher density, while 
the darker areas indicate the lower density zones. Furthermore, smaller pointed areas with 
relatively intense darker colors may indicate damaged, highly porous and sometimes 
disintegrated areas. The fiberglass pipe samples contained various sizes of damaged zone, 
which was depended on the level of loading exerted on the sample pipe sections. For 
example, Sample-1 did not have any damage since it was not exposed to any loading and 
was used as a standard control sample purposes only, while the Sample 5 contained the 
most extensive damage on them since they were exposed to the highest level of loading, 
i.e., 210 joules. These findings were also reflected in the CT scanning results. 
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(e) Sample-5 (210J) 
Figure 110: CT distribution graph for all samples 
Figure 111 shows the images acquired via x-ray CT scanning of the specimens 
across the center of the impacted area. The arrows indicate the locations of the impacted 
region with delamination of the fibers. 
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(a) Sample-1 (OJ) (b) Sample-2 (20J) 
 
(c) Sample-3 (70J) 
	
(d) Sample-4 (100J) 
(e) Sample-5 (210J) 
Figure 111: CT images depicting damage in specimens where the red arrows show the 
damage location at the impacted areas 
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10.4 Results and Discussions 
Visual inspection of the impacted areas revealed that the area of the damage is larger 
in the internal surface than in the external surface as shown in Figure 107. The darker layers 
in the microscopic cross-sectional photos are identified as epoxy resin-rich area. The 
microscopy images can be traded as a reference to compare the result from CT 
measurement within nearly the same area. In all impacted cases, there were no fiber 
breakage as seen by optical microscopy. The predominated fiberglass failure was on the 
matrix (epoxy) which led to disbanding of the fiberglass layers (delamination) as clearly 
can be seen in Figure 107e. Fiberglass impacted at high level of energy undergo 
delamination between their plies as expected. More damages where observed on the 
internal surface of the pipe sections at higher impact energy than in the external surface of 
the pipe at the impact location. This is due to that the outer surface of the pipe is subjected 
to that tensile stresses due to the direct impact while the internal layers of the fiberglass 
experienced compressive stresses. Looking through the thickness of the fiberglass wall, it 
is possible to identify the exact location of the damage as well as its extent. It is clearly 
seen in the Figure 107a, b, c and d that good interfacial adhesion exists between the glass 
fibers and the epoxy matrix for sample 1, 2, 3 and 4 as a large amount of matrix is uniformly 
adhered to the surface of the fibers. On the contrary, for Sample 5 (Figure 107e) glass fibers 
appear separated and cleaned of the matrix material suggesting that the high impact 
reaching 210J negatively affected the fiber—matrix interface by completely removing it. 
Here, individual E-glass fibers within the fabric preform are depicted in whiter color, and 
delamination is evident. The epoxy matrix is depicted in darker color. The epoxy matrix 
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has been failed significantly as there is change in the matrix thickness between the fiber 
layers. The matrix cracking appears in the form of delamination between fiberglass plies. 
This type of damage is expected to occur during compressive loading of angle-off-axis 
composite specimens. Bright lines are running along the image plane, indicating the 
location of a delamination. 
Nevertheless, the damage due to impact in fiberglass can be challenging to visualize. 
CT scan with regeneration of the images at different angles are the appropriate way to see 
the damage. CT scanning is a helpful tool in establishing the correct analysis by 
determining the severity of the damage. Therefore, the importance of using the advanced 
imaging tools can help to allow identifying if there are any composite fiber brakeage or 
plies dis-bonding. The image processing of the CT scanning data of the fiberglass pipe 
samples is carried out by using both VoxelCalc and Avizo software. To obtain a better 
image quality, a high-energy level of CT scanning was performed at 120 kV/100 mA with 
0.67 mm beam thickness with full coverage of the samples. Rather than treat each tool 
individually, we have attempted to group them into generic classes and to limit the 
discussion to common features of the CT scan image and associated figures. Figure 110 
and Figure 111 display the qualitative results obtained through CT scans for the control 
sample (OJ), as well as for the samples impacted at different energy levels. Some of the 
captured CT images show the presence of voids that corresponds to the green colors at 
some parts of the fiberglass pipe wall sections as shown in Figure 111a for the reference 
sample (OJ sample). On such images, it was possible to determine that the fiber winding 
process was not adequate even though the manufacturer's specifications were duly 
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followed, since voids on the pipes were found. The analysis of the images' histograms 
(Figure 110) showed that some of the fiberglass sections have a different distribution, since 
they presented a higher frequency of higher lighter color for CT scan techniques. This 
shows that, even though no regions with voids were detected. The results show that CT 
scanning of the sections could perform only qualitative evaluations. It was also found when 
composite sections are subjected to impact loading, they exhibit premature failure that are 
clearly shown for cases impacted with load greater than 100J. Isolated fracture and fiber 
dis-bonding were noticed at the impacted area within the pipe sections. Such fracture which 
occurs in association with controlled impact which did not penetrate all the way even for 
the high load case (210J). It is easy to detect the extent of the damage using CT scan, while 
the visual inspection shows only the surface change in color due to impact. 
From the above results, the irreversible damage observed in glass-reinforced 
thermosetting pipes, because of the impact effect, can be mostly attributed to fiber—matrix 
interface degradation at higher level of impact energy. Plasticizing of the matrix resin 
(epoxy) due to impact is the main reason for the color changes in the CT scans as shown 
in Figure 111. This plasticizing phenomenon is clearly seen by the microscopic photos of 
Figure 107e. It is worth noting that the damage evolution of a specimen impacted at 
increasing energy levels, reaching 210J, experienced severe damage (green and blue color) 
in the external and internal surfaces of the wall thickness as marked in Figure 11 e. 
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The delamination on the pipe sections indicated by the green and blue colors are also 
visible although it is not as pronounced as shown under microscopy. This is due to low 
power reflectivity (R%= 0.002%) from the fiber and resin interfaces, which can be easily 
calculated by: 
2 (ni — n aa2) 
R% = 	 
+ n2 
30 
where ni and n2 are the refractive indexes of glass fiber and resin which are pretty close 
(typically 1.56 for glass fiber and 1.545 for epoxy [194] [142]. This also explains the 
stronger reflectivity (R%= 4.6%) occurs on the internal surface of the pipe wall where less 
light arrives but with the larger difference of refractive indexes between the material and 
air (blue color). 
As discussed with equation [8], due to larger difference of refractive indexes between 
the fiberglass/resin material and air, a stronger reflectivity can be detected on the interface 
between the delaminated layer and the air gap compared with the one from interface 
between glass fiber and epoxy. The arrow in Figure 111e indicates the delamination with 
blue color where green shows the in-homogeneity in the composite structure as proved by 
the microscopic cross-sectional photo shown in Figure 107e. Moreover, the red and yellow 
region in Figure 111 indicate the material is nearly homogeneous and no damage occurs. 
10.5 Conclusions 
Research on damage characterization of polymer composite materials including 
fiberglass is generating increase attention due to the limited nondestructive techniques that 
can be used in oil and gas industries. Only very limited attempts have been made so far 
regarding the use of CT scan for high pressure rating fiberglass pipes used for oil and gas 
pipelines, and to do the characterization after impact on those sections, with the aim of 
understanding the damage mechanism, and how to repair the affected sections. This needs 
to be rectified in view of the opportunities they offer for the new applications of fiberglass 
the high-pressure oil and gas applications. It can be concluded from this experimental 
work: 
• CT scans is a destructive testing technique that provides only qualitative results of 
the damage on the fiberglass pipe sections. 
• CT scans interpret the physical and mechanical properties of fiberglass sections 
impacted at different level of loads at the macroscopic level. 
• CT scan helps in general to reveal the delamination and for analyzing pipe's 
applicability to impact-resistant through the color-coded indices. The CT results 
have been validated by comparison of the results from optical microscopy taken at 
the center of the impacted areas and through the pipe wall thickness as a reference. 
• Good interfacial adhesion between fiber glass and epoxy resin is observed for low 
energy impacted samples whereas completely clean fibers are seen for specimen 
impacted at 210J indicating that the fiber—matrix interface is completely removed. 
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• The usage of the medical CT scanner in this study proves that the resultant photos 
are only for visual quality and descriptive assessment. 
• Damage characterization of fiberglass pipes requires micro CT machines to get 
acceptable quality. 
• CT scanning is not the only technique for examination and it should be integrated 
with other techniques such as thermography which is the authors' future planned 
work. 
• The joined utilization of x-ray computed tomography and optical microscopy was 
tried in this study and proved to offer a powerful methodology for impact damage 
identification. 
• In this study, delamination (fiber—matrix interface disbanding) was observed in 2-
D cross-sectional using medical CT scanner. For a better understanding of the 
delamination and their propagation, micro-resolution CT could be an expected tool 
for further analysis. 
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CHAPTER 11: PERFORMANCE OF A COMPOSITE REPAIR SYSTEM FOR 
EXTERNALLY CORRODED METALLIC PIPE USING NUMERICAL MODEL 
11.1 Introduction 
Pipes and piping system have wide range of applications in the industry. During the 
service life of metallic pipes, the degradation occurs due to corrosion and erosion. The 
degradation effects can be much localized in nature that would result in local metal loss. It 
is not always desirable to replace the pipeline with such non-leaking defects due to 
economic and technical reasons; rather it is preferred to verify its fitness for service. If the 
decision is to reinforce the defected region then an in-filled repair of the pipe is carried out. 
A non-pressure-containing sleeve, usually referred to as Type A, is used to reinforce the 
area where a defect exists without any potential of leak. The existing methods for metallic 
pipes include welding, mechanical fasting and using composite material for reinforcing the 
defected region. 
The optimum thickness of the sleeve plays a major role in determining the overall 
cost. An optimum thickness should be large enough to provide the expected reinforcement 
which guarantees the integrity of the pipe during service, and also small enough to 
guarantee a reasonable overall cost. Consequently, there is a need to optimize this criterion 
based on different parameters, e.g. pipe geometry, material, geometric characteristics of 
the defect etc. Batte et al. [195] developed an analysis method and the validation of a new 
failure criterion, while Netto et al. [196] investigated the optimization of the procedure for 
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estimating the residual strength of corroded pipes. Chauhan and Grant [197] conducted a 
series of non-linear finite element (FE) simulations of corrosion defects in pipelines 
subjected to internal pressure loading; the objective being to ultimately develop interaction 
rules for metal loss defects in pipelines. Complex flaw shapes and combined loading 
conditions were also considered in their analysis. This procedure is now well documented 
in BS 7910 Annex G and various PRCI corrosion assessment guidance documents. The 
effect of material modeling using FEA on the integrity assessment of dented pipe under 
static and cyclic loading was investigated by Almuslim and Arif [198]. An extensive 
parametric study using numerical model with the objective of optimizing the thickness of 
non-pressure containing welded metallic repair sleeves for Type-A defects was reported 
by Arif et al. [199]. The study was conducted to estimate minimum thickness for the repair 
sleeve such that it provides the expected reinforcement in the defected pipe segment at a 
lower cost and weight for 24 different pipe sizes ranging from 6" to 60". Various 
preliminary finite element models were developed and analyzed in the early stages to 
decide the defect geometry and size, sleeve size in relation to pipe and defect size, failure 
pressure estimation, installation pressure installation, material properties, boundary 
conditions, loading and model symmetry. Based on the findings, optimization approach 
was developed and uniformly applied to all cases. For each case, convergence of result 
through finite element mesh refinement and validation against analytical result was 
ensured. The optimized thicknesses were selected from standard thicknesses available for 
each nominal pipe size. The results show significant reduction in the thickness for all cases. 
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Fiber-reinforced Polymers (FRPs) possess superior strength to weight ratios over 
traditional materials and their processing is well-suited to many applications [200]. The 
main advantage of composite repair technique of metallic pipes is that it does not always 
require pre-fabrication and transportation of the reinforcement (unlike metallic sleeves for 
welded repair) rather it can be applied into the field. In general, there are two types of FRP 
repair systems for defective pipelines — flexible 'wet lay-up system' and pre-cured 'layered 
system' [201]. These repair systems use grout or 'putty' to fill the corroded or gouged 
section in the pipe and cylindrical sections [8]. More importantly, the infill grout refills the 
damaged profile and provides a continuous support to minimize the outward distortion and 
transfer the load from pipe to the composite repair. Numerous reports on the use of fiber 
reinforced polymer matrix composite wraps for the repair of pipe work exists [202] and 
[203]. The composite overwrap repairs save time and money because they can be done 
while the pipe is online and are typically less labor-intensive than traditional repairs. 
However, several challenges need to be met to obtain the desired repair quality. The major 
considerations are surface preparation, reduction in operating pressure for the repair, the 
duration required (e.g. for curing of the composite material) for the composite repair to 
share the load from the pipe, and the most important is the in-field quality assessment and 
to ensure consistency between several repairs. 
The analysis of a composite repair is a complicated task due to multiple materials 
(metal, epoxy, and composites) each having different material behavior (e.g. isotropic for 
metals and orthotropic for composites). The codes usually provide some closed form 
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formulae and only discrete values can be obtained. ISO-24817 and ASME PCC-2 are the 
only available design codes for the design of this repair system [151]. For the case when 
the corroded pipe contributes to the load carrying capacity, the two codes suggest 
calculating the repair thickness for a special design pressure based on the pipe diameter, 
remaining wall thickness, pipe and composite material properties, composite allowable 
strain, and the live pressure (i.e. installation pressure). Validity of including live pressure 
in the design was studied using analytical equations and finite element method by Saeed et 
al. [151]. They concluded that the repair thickness is independent of the live pressure and 
hence an appropriate modification is proposed to the existing design equation. Costa-
Mattos et al. [146] reported analysis of epoxy repair systems for metallic pipelines 
undergoing elastic or inelastic deformations with localized corrosion damage. Four 
different defect geometries representing corrosion patches on steel pipe given by changes 
to the circumferential length of the defect were evaluated by FEA [150]. The influence that 
circumferential defect length has on the efficiency of the repair system in terms of failure 
pressure was determined. A/if et al. [199] investigated the response of the pipe and metallic 
repair sleeve system by varying the installation pressure to 50%, 60%, 70%, 80%, and 90% 
of the maximum operating pressure with defect geometry factor (d/t) = 0.85. It was 
observed that the maximum von Mises (VM) stress increases in the pipe in the defect zone 
with the increase in the installation pressure. However, the maximum stress in the sleeve 
decreases with the increase in installation pressure. This is due to the fact that lower 
installation pressure will allow more load transfer to the sleeve producing higher stresses. 
In order to optimize the sleeve system, it was recommended to install sleeve when the pipe 
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pressure is reduced to 50% of the applied pressure calculated in the previous section. It will 
allow higher stresses in the sleeve system. 
In this work, the factors governing the behavior of externally corroded pipelines with 
composite repair subjected to internal pressure are investigated using a three-dimensional 
nonlinear finite element model. The objective of this study was to investigate the effect of 
major parameters (such as composite layer thickness, fiber material, fiber orientation, 
installation pressure) on the resulting performance of the composite repair of type-A defect 
to formulate some guidelines related to design of the composite repair. Composite repair 
system is numerically tested to confirm the integrity of the structural repair up to the yield 
level of the metallic pipe. Performance of the composite repair is compared with that of 
welded metallic sleeve currently in practice. A substantial saving is expected in the cost of 
metallic pipe repairs using composite wrap replacing metallic non-pressure containing 
sleeves that are used extensively in pipeline repair. 
11.2 Numerical Model 
In this work, a 6-inch pipe considered by authors in a previous work [199] for the 
optimization of welded metallic repair sleeve for type-A defect is considered. Instead of 
currently used metallic sleeve, composite repair under the same condition in terms of defect 
geometry, repair axial extent, pipe size, applied pressure, boundary conditions and pipe 
material is considered. 
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Geometric model: For the geometric modeling of the defected pipe system with 
sleeve, dimensions were calculated based on the constraints described in various literatures. 
The model includes dimensions for the defect, sleeve and pipe in terms of pipe size and 
defect depth. This study considered a single longitudinal corrosion defect. Since the 
corrosion defects have complex shapes, it is not possible to model the exact shape. The 
best approach to this problem was to model the defect with a uniform geometric shape 
using the maximum dimensions of the complex shape flaw. The defect geometry satisfies 
following conditions [197]: 
• The defect can be placed in a convenient position around the circumference 
of the pipe unless it is affected by any constraint or supporting structure. 
• The length of the simulated pipe should be at least five times the pipe 
diameter or the defect axial length, whichever is the longer (Lpipe ? 5Dpipe 
or Lpipe > 51flaw). 
• A narrow defect may experience a high stress gradient across the remaining 
ligament. This may consequently lead to failure by crack growth without 
significant necking deformation. Therefore, a failure criterion may not be 
applicable. To avoid such a scenario, the circumferential width must be 
equal to at least the wall thickness and more than 10% of the flow axial 
length (wflaw > t or wflaw > 0.11flaw). 
• The flaw ends should be spherical to avoid high stress concentration at the 
sharp edges. 
282 
• The depth of flaw should not exceed 85% of the wall thickness of the pipe 
otherwise the failure criterion will not be applicable. 
All the above conditions have been implemented in an excel sheet to calculate geometric 
dimensions as shown Table 56. 
Pipe Georoetr. 
Pipe Nomiall sire' 	I inch 	 I 	6.0  
Pipe outer ciatneter. Dp f  man From 	clad ,e sires 	 I 1683 
Pipe wal thickness Bo arm I 	 7.11 
Minimum pipe leards I 	I oun !Pipe Length > 5 x Pipe Diameter (us* 5.15) 	 I 	866.7 





Defect depth Parent 54 	= Percent • Bo 
	 810 
mew lEqual to na ratios 6.04 
Defect wiitb  
!Must be greater then pipe wal tlidames 	 7.1 
riblust be greater than (0.10)x (Flaw lama) 
Mariana valve 
12.1 
= 2 x (Flew depth), ice round booms 	 12.09 
120.9 
iPipe Length > 5 x (flaw axial length) 	 1 	200.0 
Fig.1 WV& = (gem WO 31 = (1 3XPiPelet4161 ) 3) 111.1 
!Flex axial length = 16 • (Pipe wall dickness) 	 1 	1131 	 
1:13, 	$>1 
	 1 Z0.87 
Caksbted Sleeve Womb 	 3 x (Flaw amal leAtzth) 
	
362.61 
CakulatIon of Failure Pressure for a Single Flaw (BS 79102005. G.4) 
	
True ITS of Material s. UPa 
	
679.00 
Fare Pressure for unflawed pipe! Po 131Pa I 
	
59.90  
Length Corrective PIC*O Q 
	
2.19  
Reserve Strength Factor.  R. 	 0.25  
Failure PreSSUIe for flawed pipe I', ; AlPa 
	
14.10  
Selected value 	MPa 'Mum pressure used in industry=13.8 Mpa 
	13.8 
Pipe length (P1)=3 x sleeve length 
	
1087.8 
Minimum pipe length (P2)=5.15 x pipe dia 
	
866.' 




Outer diameter (nun) 




Circumferential width. W (mm) 
Axial extent. 1.. trim) 
IA) ratio 










Applied pressure fur simulation (11Pil) 
Sleeve sizes: ASME PPC-2 and ISO 24817 are the two commonly used design codes 
for the design of composite repair of pipelines. Following the approach adopted in an 
earlier work by the authors [199] , the axial extent for the composite repair used in this 
Calcuistedvakie 
Defect axial Lama 
Maximo value 
Calculated value (old) 
Calculated value (rrasedi 
Selected Nolo,  
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work is three times of the defect axial length. The adopted approach satisfies the 
minimum axial length requirement per ISO 24817 with ttotal axial extent of repair of 
260 mm while the current mode ,per table 56, has a length of 362.6 mm. The thickness 
of the repair was varied to study its effect on the composite repair sleeve's performance. 
Figure 112 shows the geometric model of the pipe with defect. 
Figure 112: Geometric model of the pipe with defect 
Applied pressure (p): A maximum pressure of 2000 psi (13.8 MPa) is used for all pipes 
by a local oil company and the allowable stress is 0.762 times of yield strength of the pipe 
material. The basis for setting maximum pressure is based on maximum allowable 
285 
tangential stress. For a 6-in pipe with di=154.08mm and t=7.11mm, calculated pressure is 
14.7 MPa (Table 55). Failure pressure for a pipe with defects (Pdefected) must be less than 
that of the same pipe without any defect (Pwithout defect). For the current study, following the 
approach presented my authors [199], it was decided to calculate the failure pressure for 
the defected pipe (pdefected) is calculated using one of the following criteria from British 
Standard BS7910 [204]: 
• Criterion A: Maximum von Mises equivalent stress in the ligament equals true 
UTS. 
• Criterion B: Minimum von Mises equivalent stress in the ligament equals true 
UTS. 
• Criterion C: Average von Mises equivalent stress in the ligament equals true UTS. 
If the calculated failure pressure for flawed pipe is less than 2000 psi then the applied 
pressure for FEA simulation was equal to that pressure, otherwise it was set equal to 
2000 psi (13.8 MPa). It should be noted that BS7910 [204] matches the prediction of 
Criterion B and we might still expect some local plastic deformation in the critical zone. 
Thus, 
1. Calculate pdefected using BS7910. 
2. If (pdefected < 13.8 MPa) then PApplied = pdefected; else PApplied = 13.8. 
Material model: The material properties for grade X65 steel (Figure 113) were 
used, since most of the transmission pipelines are constructed from this material [11]. The 
600 -
6' 
4 5 400 
800 
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other material properties used are E = 210 GPA, v = 0.3, and the true UTS for this material 
is 675 MPa. Epoxy's properties used are Eepoxy = 3.447 GPa, and v epoxy = 0.34. 
Two different composite materials, glass fiber/epoxy matrix and carbon fiber/epoxy 
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Figure 113: Stress-strain curve for API 5L Grade X65 





0.8 mm 	0.8 mm 
Elastic Properties 
Et (GPa) 	 100 	 30.5 
E2(GPa) 	 8.11 	 6.9 
E3(GPa) 	 8.11 	 6.9 
G12(GPa) 	 4.65 	 4.65 
G13 (GPa) 	 4.65 	 4.65 
G23 (GPa) 	 5 	 1.6 
VI2 	 0.3 	 0.344 
V13 	 0.3 	 0.344 
V23 	 0.4 	 0.4 
Ply Strengths 
Xt(MPa) 	 2000 	 700 
Xc(1V1Pa) 	 1000 	 300 
Yt(MPa) 	 100 	 100 
Yc(MPa) 	 160 	 237 
S12 (MPa) 	 140 	 64 
S23 (MPa) 	 140 	 64 
Finite Element Mesh: Utilizing the flaw and pipe dimensions (Table 56), a 3D model for 
a 6-in. NPS pipe with 85% flaw depth was developed. The solid model (defected pipe and 
epoxy filling) was meshed using 8-noded brick elements (SOLID45) in ANSYS [186]. The 
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composite repair sleeve was meshed using SHELL181. It is a four-node element with six 
degrees of freedom at each node and suitable for analyzing thin to moderately-thick layered 
composite shell structures. The accuracy in modeling composite shells is governed by the 
first-order shear-deformation theory. Figure 114 shows the finite element mesh used in this 
work. 
Figure 114: Finite element mesh of the repaired pipe 
Figure 115: Geometry and FE mesh for the pipe defect 
Figure 114 shows the groove geometry and finite element mesh. Four layers of 
finite elements were used in the remaining ligament of the pipe thickness to ensure accurate 
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monitoring of high stress gradients in the area of interest [204] Wherever possible, mapped 
meshing was used. The interface between the pipe outer surface and the inner surface of 
the composite repair sleeve was modeled using surface-to-surface contact element in 
ANSYS [186]. The tangential (sliding) behavior at the interface was idealized as a rough 
surface with no sliding. 
Loading and boundary conditions: The pipe was loaded in two steps with internal 
pressure applied incrementally; first to installation pressure and then to full failure pressure. 
In industry, the operating pressure for flawed pipe system is reduced below failure pressure 
for safe operation. However, for the current study, the pipe system was subjected to the 
maximum operating pressure to numerically test the integrity of the composite material 
structural repair system up to the yield level of the metallic pipe. For all simulation cases, 
one end of the pipe was considered to be fixed to avoid rigid body motion and symmetric 
boundary conditions were used on the symmetric planes. 
Sleeve installation pressure: The sleeve is installed while the pipe is still under 
pressure (a value less than the operating pressure). After the installation is completed, the 
pipe is brought to its full operating pressure. It helps in reducing stresses in the pipe wall 
thickness. It is found that usually sleeves are installed at installation pressure of 70% of the 
operating pressure. Following the approach recommended in a previous work by authors 
[199], current work uses Pinstallation = 0.5 x PApplied. The simulation of the installation practice 
was accomplished through a concept known as birth and death of elements in ANSYS 
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[186]. To achieve the "element death" effect, the ANSYS program does not actually 
remove "killed" elements. Instead, it deactivates them by multiplying their stiffness by a 
severe reduction factor (ESTIF). This factor is set to 1.0E-6 by default. An element's strain 
is also set to zero as soon as that element is killed. In like manner, when elements are 
"born", they are not actually added to the model; they are simply reactivated. When an 
element is reactivated, its stiffness, mass, element loads, etc. return to their full original 
values. 
11.3 Results and Discussion 
A complete model of defected pipe with composite repair sleeve and epoxy filling has 
been developed and analyzed. This complete model including solid model creation, mesh 
generation, load and boundary condition application, and solution is fully programmed in 
APDL. All the parameters of analysis (pipe size, defect size, fiber orientation for composite 
repair, material, installation pressure and failure pressure) are defined as variables and can 
be changed for various pipe size and flaw characteristics. 
Convergence Check: Increasing the FE mesh refinement, especially in the critical 
region, a convergence check was performed. The refinement was done mostly in the critical 
areas of the system around the defect as shown. The value of the maximum von Mises 
stress was used as the convergence check. The converged FE mesh of the sleeve system 
used for simulation had 131,076 elements of different types. 
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Validation: Hydrostatic test of a pipe with a machined defect of specified geometry 
was carried out to verify the numerical results. The test was planned to be limited to the 
elastic behavior of pipe and not extended to plastic deformation and rupture. The bottom 
of the defect was instrumented with electrical resistance strain gauges as shown in Figure 
116. For the validation of numerical model predictions, the axial and tangential strains for 
the same points, where the strain gages were located, were recorded from the finite element 
results and the corresponding values compared. Table 58 shows very strong agreement 
between the FE results and experimental measurements. In addition, principal stresses 
away from the defect area were compared with the hand calculated stresses. It should be 
pointed out that the pipe was considered to be a plain pipe under internal pressure only 
having an internal pressure p developed by a contained stationary fluid, an inner radius r, 
and a wall thickness t (where r/t > 10). The hoop stress (al) and the longitudinal stress (a2) 
can be found as follows: 
pr 
al = —t 
pr 
a2 =  2t 
Values of stresses resulting at the installation pressure were compared with numerical 





Figure 116: Strain gage locations 
Table 58: Experimental micro strain data vs. FE results 
Location Measured From FEA 
@ center of the groove 
Tangential strain 2151 2279 
Axial strain 253 236 
@ 30cm away from the groove 
Tangential strain 634 745 
Axial strain 186 156 
11.3.1 Effect of Fiber Orientation and Sleeve Thickness 
To investigate the effect of fiber orientation and thickness of the composite repair, 
glass fiber with epoxy matrix composite repair sleeve was simulated for five different fiber 
angles (30o, 45o, 60o, 75o and 90o) having 3.2-8.0 mm thicknesses as shown in Table 59. 
The composite repair installation pressure for all cases is 0.5 xpApplied and pApplied =13.8 
MPa. In order to compare the performance of the composite sleeve with metallic sleeve for 
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the same pipe under same conditions as reported by the authors in an earlier work [199], 
thickness was varied to bring von Mises stress values closer for two cases (Table 59). 
Figure 117 shows the von Mises stress and von Mises plastic strain distribution in the pipe 
defect area for a typical simulation case (0=30o, thicicness=3.2mm) at maximum applied 
pressure. It is evident from the figure that maximum stress and localized plastic 
deformation occurs in the remaining ligament of the pipe thickness at the defect. 
Table 59: Simulation cases 

























GlassEpoxy 30 3.2 4 586.4 6- 5 48.35 48.19 9 23 0.0023 1.37E-04 
GlassEpoxy 30 4.8 6 580 64 4 44 43.8 8.3 0.0021 1.21,E-04 
GlassEpoxy 30  5.6 7 578.7 62 40.5 40 4 7.6 0.002 1.21E-04 
GlassEpoxy 30 6.4 8 577.4 59 9 37.6 37.6 7 0.0018 1.18E-04 
GlassEpoxy 30 7.2 9 576.4 58.2 35.6 35.6 6.6 0.0017 1.17E-04 
GlassEpoxy 30 8 10 575 5 7 33.85 33.7 6.15 0.0017 1.14E-04 
GlassEpoxy 45 3.2 4 593.2 74.9 46.1 44.8 14.4 0.0032 1.34E-04 
GlassEpoxy 45 4 5 585 72.3 41.3 40.4 12.7 0.0029 1.32E-04 
Glass'Epoxy 45 4.8 6 583.1 69 8 37.6 37 11.3 0.0026 1.30E-04 
Glass/Epoxy 45 5.6 7 581.9 67.7 34.6 34.2 10.2 0.0025 1.27E-04 
GlassEpoxy _ 45 6.4 8 580.8 65.8 32.2 31.9 9.4 0.0023 1.23E-04 
GlassEpoxy 45 7.2 9 580 64,3 30.7 30.4 8.9 0.0022 1.20E-04 
GlassEpoxy 60 3.2 4 597 70 35.8 36.5 14.1 0.0031 1.41E-04, 
Glass'Epoxy 60 4 8 6 590 1 - 28 8 27.6 12.05 0.0029 1.89E-04 
GlassEpoxy 60 5 6 ' 588 5 -:. 26 5 28.6 10.04 0 003 1.39E-04 
Glass Epoxy 60 6.4 8 586.65 69 3 23 2 23 10.75 0 0025 1.93E-04 
Glass Epoxy 60 7.2 9 585 6 67 2 21 8 22.6 10.3 0.0023 1.92E-04 
Glass Epoxy 60 8 10 584.7 65 5 _ 	- 21.4 9.8 0.0022 1_92E-04 
Glass Epoxy 75 3.2 4 598.9 81.3 28.8 31.6 10.1 0.0041 1.5/E-04 
Glass Epoxy 75 4.8 6 595.8 77.2 24.5 26.9 7.9 0 0035 1.46E-04 
GlassEpoxy 75 5.6 7 593.8 75.4 23 25.2 7.4 0.0033 1.43E-04 
Glass Epoxy 75 6.4 8 591 9 73.7 21.8 23.8 1.1 0.0031 1.40E-04 
GlassEpoxy 75 7.2 9 590 6 72.4 20.7 22.6 6.8 0.003 1,313E-04 
GlassEpoxy 75 8 10 589 "0.8 19 8 216 6 6 0.0029 1.35E-03 
GlassEpoxy 90 3.2 4 599.4 82.1 27 0 1 ' 0.0043 1_525-04 
GlassEpoxy 90 4.8 6 596.9 "S 23.3 ...' 	, 6.9 0.0037 1.48E-04 
Glass Epoxy 90 5.6 7  594.8 76 3 22 _ 6.8 0.0034 1.46E-04 
Glass Epoxy 90 6.4 8 592 5 74 - 20.9 12 9 6.7 0.0033 1.43E-04 
GlassEpoxy 90 7.2 9 591 5 731 19.9 21.8 6.6 0.0031 1.40E-04 
Glass'Epoxy 90 8 10 590 71 - 19 20 8 6 4 0.003 1.38E-04 
CarboriEpoxy 30 3.2 4 579.2 55.8 75 67.1 17.9 0.0016 1.61E-04 
CarboaEpoxy 45 3.2 4 585.2 66.5 64 51.6 29 7 0.0024 1.85E-04 
CarbonEpoxy 60 3.2 4 591.7 74.7 45.9 38 32.4 0.0032 179E-04 
CarbociEpoxy 75 3.2 4 595.6 78.3 28.4 31.2 21.8 0.0036 1.42E-04 
Carbotapoxy 90 3.2 4 596.3 78.7 30.3 30 12.8 0.0037 1.12E-04 
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Figure 117: von Mises stress (left) and plastic strain (right) distributions in the pipe defect 
The distribution of hoop (circumferential) stress, axial stress, hoop strain and axial 
strain in composite repair is shown in Figure 118. It is observed that the maximum values 
occur in the vicinity of the pipe defected zone. 
Figure 118: (a) Hoop stress, (b) Axial stress, (c) Hoop strain and (d) axial strain 
distributions in the composite repair sleeve 
0 
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Table 60: von Mises stress in metallic sleeve [199] 
Nominal 
Pipe Size 
Sleeve 	Butt Strap 	Pipe 	
Sleeve + Butt- 
Filling 
strap 	  
	
Thickness Thickness  	 Remark 
(mm) 	
(mm) Stress Safety Stress Safety Stress Safety 
(MPa) Factor (MPa) Factor (MPa) Factor 




2.77 	7.11 	583.5 	1.15 	172.2 	2.90 	33.6 	1.79 
ter 
Optimization 
Figure 8 shows the variation of the maximum von Mises stress in pipe, epoxy and 
composite with varying repair thickness for different fiber orientation. As expected, the 
stress values decrease with the increasing thickness. At any thickness, the von Mises stress 
in the pipe for 0=30 degree is lowest as composite is less stiff allowing more deformation 
in the pipe resulting lower stress value. With the increasing theta, the deformation in the 
pipe is restricted and higher stresses developed. Similar trend is observed for epoxy filling, 
but at much smaller stress values depending on its material properties. In the sleeve, stress 
values decrease and the gap between curves also reduces with the increasing fiber 
orientation angle. 
11.3.2 Effect of Composite Repair Sleeve Material 
Two different composite materials, glass fiber/epoxy matrix and carbon fiber/epoxy 
matrix, were considered in this work. Effect of material on stress field in repair system and 
plastic deformation in pipe with varying fiber direction is investigated in this section. The 
thickness of the composite repair was 3.2 mm. Simulation cases are summarized in Table 
59. Figure 119 shows that the von Mises stress in the pipe increases for both material with 
increasing 0. More load is transferred from pipe to carbon/epoxy repair sleeve than 
...d. 45 deg --0 deg --1S deg 	deg 
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glass/epoxy system; resulting lower stress values in pipe and higher stress in carbon/epoxy 
repair sleeve. The difference in stress values is maximum at 0=30 degree and the gap 
reduces with the increasing fiber orientation angle. Lower stresses in pipe results in lower 
plastic deformation in pipe for carbon/epoxy system as shown in Figure 119. 
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Figure 119: Variation in the maximum von Mises stress with composite repair thickness 
at different fiber angle in (a) pipe, (b) epoxy filling and (c) composite sleeve. 
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11.3.3 Effect of Sleeve Installation Pressure 
To investigate the effect of the installation pressure on the structural response of 
the composite repair sleeve system, finite element analysis was performed for the system 
with d = 0.85t at installation pressure equal to 25%, 50%, 70% and 90% of the design 
pressure. The variation in the maximum VM stress in the pipe and metallic sleeve with 
increasing installation pressure [199] is shown in Figure 11. It can be observed that the 
maximum VM stress increases in the pipe in the defect zone with the increase in the 
installation pressure. Figure 120 shows the variation in maximum stress and strain 
components when the same defected pipe as [199] was repaired. 
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Figure 120: Maximum von Mises stress in pipe, epoxy and sleeve for two different 
composite materials with varying 0 with carbon/epoxy and glass/epoxy composite 
material with 9=45 degree and thickness = 3.2 mm. 
Comparison of Figure 121 and Figure 122 shows both having increasing stress in 
pipe and decreasing stress in sleeve with increasing installation pressure i.e. delay in the 













and axial stress in carbon/epoxy sleeve is greater than that in glass/epoxy sleeve. The 
composite allowable strain range was limited to a number in between of the two extremes 
(0.25% and 0.40%) proposed by ASME PCC-2 [151]. Hoop strain in both composite 
sleeves is within acceptable limits for allowable hoop strain, i.e. 0.0025-0.004, as shown 
in Figure 123. The effect of the installation pressure on the plastic deformation for both 
metallic sleeve [199] and carbon/epoxy composite sleeve is shown in Figure 124. Almost 
identical behavior can be observed from this figure. 
CatonApoxy 
zo 	 40 	 00 	 80 	 100 
Giber angle (deg) 
Figure 121: Maximum von Mises plastic strain in pipe for two different composite 
materials with varying 0 
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Figure 122: Variation in the maximum von Mises stress with the installation pressure 
[199] 
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50 	60 	70 	80 	90 
Installation Pressure ro of Operating Pressure) 
20 	30 	40 	50 	so 	70 	80 	90 	100 
Installation pressure (% of design pressure) 
Figure 124: Variation in von Mises plastic strain with installation pressure; metallic 
sleeve [top], carbon/epoxy sleeve (bottom) 
11.4 Conclusions and Future Work 
The performance of a defected pipe with type-A non-pressure containing metallic 
reinforcement sleeve for external defects was studied by authors in an earlier published 
work [199]. The same pipe having the same defect and loading condition was studied in 
this work with composite repair sleeve. The deformation as well as stress fields were 
predicted numerically using finite element analysis. Numerical model was calibrated using 
experimental and analytical results. The numerical work using finite element carried out 
100 
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during this study answered many questions regarding the use of composite repair sleeve 
replacing currently used metallic sleeve. Based on the results, the following conclusions 
can be made: 
• Composite repair system has the potential to replace existing welded metallic repair 
sleeve. 
• The performance of composite repair depends on the orientation and material of 
fiber. 
• With increasing installation pressure, less load was transferred to the repair sleeve 
resulting plastic deformation in the metallic pipe. 
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CHAPTER 12: CIRCUMFERENTIAL HELICAL FIBER REINFORCED 
POLYMER (FRP) PATCH APPROACH TO REPAIR FILAMENT WOUND FRP 
PIPE SUBJECT TO INTERNAL PRESSURE 
12.1 Introduction 
Composites are used in increasing range of applications for oil and gas applications 
including utilities. Polymeric resins reinforced with fibers is one of the composite materials 
that widely used. The resin may be one of a class of thermosets (epoxy, polyester, vinyl 
ester, phenolic, etc.) or thermoplastic (PA, PEEK, PPS, PVDF, etc.). The fiber 
reinforcement may be glass, carbon or aramid and can be present in continuous or chopped 
lengths. FRP pipes do not corrode in the conventional sense but degrade in-service due to 
chemical, physical and thermal ageing. Composites are damage tolerant where variety of 
in-service defects are possible that includes; delamination (de-bonding), Impact damage 
(localized), matrix cracking (overstress), wepage (leak), environmental ingress (swelling), 
thermal damage and lightning strike, loss of thickness due to erosion or severe chemical 
attack. Other failure mechanisms may also be present, e.g. UV degradation and possibly 
fiber failure but less of a concern. Adhesively bonded helical FRP patch can meet the 
structural and operational requirements for the repair of thick composite airframe 
structures. This external patch repairs are flushed to the surface of the FRP pipe during 
implementation. 
All the repairs involve the application of an overwrap to the damaged or defective area 
to reinforce the strength/integrity of the remaining pipe wall. So, the goal of any fiber 
repairs if suitably designed is to provide a significant level of recovery of the main structure 
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strength of the pipe in location of the damage. The acceptable level of strength recovery 
needs patching the damaged location after preparation with angle wrapping. Currently, the 
composite patch for pipe is laid up from pre-preg in the damage cavity and co-cured with 
the adhesive at the same time as secondary bonding to the parent FRP pipe. 
The repair firstly involves machining a tapered cavity into the pipe at the damage 
location then adhesively bonding the patch. The machining removes the damaged region 
and provides the required joint geometry for the repair. The accuracy and uniformity of the 
repair and quality of the exterior finish relies largely on the skills of the operator and type 
of tools used. Repairs to piping systems that convey hydrocarbons or certain chemicals 
need to be considered carefully as these fluids may pose difficulties with long-term 
performance of the composites. Consideration also needs to be given to possible 
degradation of a composite repair by ultraviolet light. The requirements for fire 
performance of a composite repair afforded to a pipe should be identified in the risk 
assessment of the pipe system. Examination of the original pipe underneath the repair is 
not straightforward as attenuation at the repair/pipe interface will render use of 
conventional ultrasonic difficult. Methods such as transient thermography could be useful 
[205]. B. Whittingham et al. (Micrographic studies on adhesively bonded scarf repairs to 
thick composite aircraft structure) investigated two methods for producing the hard-patch 
as composite repair. The first was the molded approach where the patch was laid up in a 
mold and cured prior to bonding in the repair cavity. The second approach involves 
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machining the patch from a composite panel using digitized data obtained from the use of 
surface profiling equipment to capture the scarf cavity surface. 
R. A. Odi and C. M. Friend [206] reported the application of new approach to the 
modelling of scarf joints between composite components under tensile loading where 
various scarf angles were investigated and ultimate joint failure predicted. They developed 
a model which could provide more information than conventional models. Their work has 
shown that it is possible to model adhesively bonded composite joints using an improved 
2D plane stress model which retains the laminated nature of the composite components. 
Jian Deng et al. [207] proposed a progressive damage model to predict buckling strengths 
and failure mechanisms for both symmetric and asymmetric patch repaired carbon-fiber 
reinforced laminates subjected to compression without lateral restrains. 
This chapter describes some preliminary criteria for FRP pipe repair, focusing largely 
on finite element modeling of 6-inch pipe. The study focused on design features which may 
be expected to influence adversely the strength of the repairs, including: thickness variation 
of the damage, thickness of the repair and adhesive type used to fill the cavity, ply 
orientation match with the parent FRP pipe. The main aim of work was to develop a model 
which could provide more information than conventional models. The repaired GRE pipes 
were subjected to internal pressure in order to evaluate the effects of patch thickness, 
overlap angle and overlap length on the repair length. 
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12.2 Industrial Case Study 
The following case is for a 4-inch FRP pipe (Figure 125) used in fire water system 
where it leaks during operation (Crack around key lock joint with through wall leak). Non-
metallic composite technology was used for the repair of 4-inch diameter FRP fire water 
line. The operating pressure was 125 psi with 200 psi as design pressure. 
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Figure 125: Weeping leakage (Red Arrow) from FRP piping coupling connection 
It has been repaired with a fiber glass wrap of 8 layers (200 mm axial length). The 
initial preparation for this repair and the workmanship of the applicators involved were 
critical factors for the successful installation of a composite repair and were as important 
as the chemical properties of the materials to be used. The installation and design required 
were carried out in conformance to ISO / TS 24817, ASME PCC2 (article: 4.1 & 4.2). The 
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repair materials included composite repair compound, reinforced epoxy paste and glass 
reinforced laminate. 
12.3 Composite Repair from Design to Inspection 
The threats posed by composite damage are increasingly seen as a major problem in 
industries where significant improvements are needed to set a global standard for high 
pressure pipelines in oil and gas industries. Understanding relationships between all risks 
from design to the inspection of the composite repair is crucial. This chapter reviews the 
main concepts and metrics used to assess and repair the FRP pipes. The report highlights 
some open questions and gaps on conceptual frameworks, metrics, and data to build an 
index for composite repair. It identifies key issues that will be addressed to build a platform 
towards an index for composite repair of FRP pipes. A major benefit of composite materials 
is they offer lower maintenance costs. This is mainly due to the resistance to corrosion and 
fatigue. Since the damage is often not as visible, where the material is dented or torn, a 
simple visual inspection is usually not sufficient for this task. Therefore, the extent of 
damage shall be thoroughly assisted. So, damaged composite structures are repairable with 
of course some challenges that include: 
• Hidden damage issues, including manufacturing defects. (For example, a low 
velocity impact, which normally wouldn't cause much damage may cause a 
sandwich structure to dis-bond between the skin and core due to poor adhesion 
during manufacture. If this dis-bond is the only damage, there may be no visible 
trace of it from the surface.) 
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• Unexpected damage sources. 
• "Best" repair techniques are heavily dependent on details of the structure. In other 
words, because composites excel at being tailored to meet very specific needs, there 
are few "universal" materials and methods that can be used to achieve successful 
results. Composite repair specifics really have to be determined on a case-by-case 
basis. 
For any repair of composite, the following are the very basic fundamentals of 
composite repair which include the following steps: 
• Read detail composite drawings and material specifications. 
• Describe details of stress analysis, such as micro-mechanics and laminated plate 
theory. 
• Identify the types and applications of composite materials. 
• Identify the best composite repair option. 
• Identify the principal steps in common composite repair processes. 
• Find composite repair options and allowable damage limits. 
• Identify composite repair facility and material storage requirements 
• Remove damage in circular or oval shapes, and do not use sharp corners. If an 
irregular shape must be used, then round off each corner to as large a radius as 
practical. 
• Manage cure cycles and thermocouples. 
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• Manage high temperature cure cycles. 
• Perform vacuum bagging procedures with leak test verification 
• Taper sand and locate ply boundaries and orientations 
• Perform wet lay-up and prepreg bonded repairs 
• Analyze the effects of modifying the repairs. 
• Verify repairs through stiffness analysis and use of composite design principles. 
• Verify repairs through stiffness calculations and use of sound composite design 
principles. 
• Develop an understanding of proper fatigue design of repairs through: review of 
basic fatigue concepts; investigation of joint design; the use of joint modeling to 
quantify the joint load distribution effects on fatigue life; and application of matrix 
analysis, stress severity factors, and effective stress. 
• Develop an understanding of the design of repairs for damage tolerance by 
studying: structural design principles; the elements of damage tolerance analysis 
including crack growth and residual strength analysis; and guidelines to damage 
tolerant repairs. 
• Be able to design repairs to satisfy durability requirements through the use of 
comparative stress analysis of the repairs. 
• Develop an understanding of the inspection techniques to determine the inspection 
requirements. 
• Identify the types and applications of various Non-Destructive Test (NDT) 
methods. 
• Identify the proper NDT method for various composite materials and constructions. 
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• Identify the proper inspection for repairs to composite materials. 
It worth noting that the following phases shall be included for any composite repair as 
shown in Figure 126 and they are as follow: 
• Phase 1: Inspection reports, Design and proposal verification and approval. 
• Phase 2: Schedule job and mobilize the workforce and material on site. 
• Phase 3: Repair installation in line with design, risk assessments and company 
regulations. 








   
Documentation 
      
Figure 126: Composite Repair Main Phases 
Thoroughly cleaning of the area that needs to be repaired is crucial with a solvent 
agent to remove surface contamination. All the surface area to be covered with fiberglass 
reinforcement and resin must be thoroughly sanded and roughened. The final cleaned area 
must be dry. After that the resin will be applied as soon as possible after cleaning to prevent 
possible recontamination of the prepared area. Resin used for repairing should be the same 
type as the resin used in the original fiberglass pipe. The resin must be allowed for hardened 
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and cured per the recommendation of the manufacturer. The time to cure will vary 
according to weather conditions, temperatures and exact amount of promoter and/or 
catalyst used. High outdoor temperatures can complicate the repair procedures by 
advancing the gelation and cure of the resins. An external heat source such as an infrared 
heat lamp will decrease hardening time and may be a necessity in cold weather. Care must 
be exercised when using an external heat source to prevent overheating which can cause 
cracking and/or crazing or discoloration. During wrapping, the second ply of fiberglass mat 
shall be positioned by offsetting approximately one-inch on the on the first layer. The air 
shall be removed as much as possible with roller moving toward the edges of the laminate 
section. Care must be exercised to avoid excessive pressure, which would remove too much 
resin from the laminate, in turn hindering the cure and strength of the joint. The previous 
steeps shall be repeated with the proper sequence of fiberglass until all plies have been 
saturated with resin and formed into one integral unit. Wrapping around the defective 
fiberglass pipe shall be done using an even forward pressure in order to form entire joint 
with offset ends overlapping smoothly. 
For low impact damage, Impact energy affects the visibility, as well as the severity, of 
damage in composite structures. High and medium energy impacts, while severe, are easy 
to detect. Low energy impacts can easily cause "hidden" damage. If the extent of damage 
or overall damaged area exceeds allowable repair limits in applicable repair manuals, then 
specific engineering support is required in order to proceed with the repair. An individually 
designed repair is necessary. Repair design is quite a complex subject, and specific training 
in composite repair design is a must. The skill and quality attitude of the repair technician 
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becomes critical. Composite repairs can be quite time-consuming, and require careful 
attention to lots of picky details. Most of these repairs rely fundamentally on high-quality 
adhesive bonding. The strength of an adhesive bond cannot be measured without 
destroying it! Therefore, careful control of the repair process, especially regarding 
cleanliness, fit of the repair patch, and meticulous surface preparation of the bonding 
surfaces, becomes crucial. It all goes back to the skill, training, and integrity of the person 
doing the repair. There are a variety of non-destructive inspection techniques available to 
help determine the extent and degree of damage. Each has its own strengths and 
weaknesses, and more than one method may be needed to produce the exact damage 
assessment required. Finally, quality assurance is an absolute must, requiring a thorough 
understanding and dedication to underlying principles and the testing required to ensure 
the repair will be successful long-term. 
12.4 Damage Repair Index (DRI) 
Damage repair index (DRI) is a new systematic developed approach that was developed 
to correlate the damage severity in FRP pipe with the chance of repair based on the external 
diameter of impact (in mm) as shown in Figure 127. The green zone shows that there is no 
need to repair the pipe while the yellow zone required inspection and monitoring to the 
impacted region. The red zone requires immediate shutdown of the pipe and replacement 
as there is no chance for repair. This damage repair index chart from the first site give 
indication that the repair chance is based only on the external diameter of the impact 














with the previously CT and infrared thermography testing shown in the previous chapters 
that help in building this correlation. Figure 128 is the damage repair index for 6-inch high 
pressure FRP section of pipe impacted at different level of energies. It was found based on 
the infrared and CT scanning analysis that the pipe that was impacted with 20J up to 100J 
can be repaired and put back in service while the pipe that experienced an impact of 210J 
and higher cannot be repaired as the delamination and dis-bonding of the layers within the 
pipe cannot be rectified with applying the external FRP wrap. So, it is proven for this case 
that the restoration of the pipe structural integrity is not visible. 
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Figure 128: Damage Repair Index (DRI) for 6-inch high pressure FRP section of pipe 
impacted at different level of energies 
12.5 Finite Element Modeling 
In this study, a non-linear finite element model was developed in the ANSYS program 
by considering both the geometrical non-linearity and the non-linear material behaviors of 
the composite materials for the pipe and the repair. SHELL181 was used as the element 
type for the pipe where the element in contact between the repair and the damaged area is 
modeled as TARGE170 and CONTA174. Loading conditions and boundary conditions 
used in the finite element analyses are shown in Figure 131. The main pipe has pre-
damaged laminate with a fixed cross-ply stacking sequence of 0 degree filled with epoxy 
resin (Figure 129). The critical regions near the groove on the pipe under the repair 
associated with stress distributions were divided into smaller elements as shown in Figure 
130. The mesh density considering stress singularities at the interface can affect the stress 
predictions in the adhesive layer. A smaller element size will generally give a higher 
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maximum strain. For this reason, the mesh size was kept constant in all models [208]. 
Figure 133 shows the main cases for the composite assemblies. The applied internal 
pressure is 2000 psi (13.8 MPa) where end of the pipe was fixed to avoid rigid body motion. 
The selected pipe for model has an outer diameter of 160 mm with a wall thickness of 10 
mm and the pipe length was 1200 mm which is 3 times of the axial extent of the repair. 
The axial extent of the repair is 360 mm with circumferential width of 12 mm with axial 
length of the damage is 120 mm. Surface-to-Surface contact element was adopted. Two 
different composite materials, glass fiber/epoxy matrix and carbon fiber/epoxy matrix, 
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Figure 130: Meshing model of the pipe with the damage area 
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Figure 132: Plot of the shell sections for the repair and the undamaged pipe section 
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(c) Case 3: 25% 
depth of defect (5 
layers) that filled 
with epoxy at 0 
degree 
Figure 133: Plot of the shell sections for the damaged area under the repair for differnt 
case groups a,b and c 
The key aspect of this modelling approach was to retain the laminated nature of the 
composite by modelling each layer separately for both the pipe and the repair. This allowed 
application of failure criteria specific to composite materials. 2D model was used to 
simplify the task as the sell element was utilized. The laminate properties of the composite 
(stacking sequence, material properties, layer thickness, etc.) were fed into ANSYS to 
generate effective orthotropic elastic constants that includes: Young's and shear moduli 
and Poisson's ratios including other materials properties. The ultimate goal for any model 
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is the prediction of failure load, mode and location. Several literatures are available that 
describe well the main failure theories for composite materials. 
Maximum stress theory, maximum strain theory, deviatoric strain energy theory for 
anisotropic material (Tsai—Hill) and interactive tensor polynomial theory (Tsai—Wu) are 
the widely used and considered criteria. In this work, these stresses were used in the 
calculation of layer stresses using Tsai—Wu failure criterion. Tsai-Wu have been devised 
to account for the interaction between the different stresses components. Tsai—Wu failure 
criterion states that failure is deemed to have occurred in a lamina under plane stress when: 



























The Tsai—Wu criterion is elegant and easy to use while appearing to be 
mathematically complete, hence the widespread use. ANSYS post-processor was used to 
display the final stress and failure modes of the composite structure. 
Table 61: Description of Specimens 
Pipe 	Pipe Wall 
No. OD Thickness 
(mm) 	(mm) 
No of 	Depth of 
plies for the 









Thickness 	No of 
of the plies 
Repair 	for 
(mm) repair 
    
1 160 10 18 7.5 13 7 3.5 
2 160 10 18 5 9 7 3.5 
3 160 10 18 2.5 5 7 3.5 




Material of the Pipe Filling Material for the 
Cavity 
Materials of the Repair and method 
of Repair 
G LINN fiber with epoxy Epoxy Carbon fiber with epoxy/wet layup 
Glass fiber with epoxy Epoxy Carbon fiber with epoxy/wet layup 
3 Glass fiber with epoxy Epoxy Carbon fiber with epoxy/wet layup 
12.6 Results and Discussions 
Loads, when applied onto FRP pipe, generate some form of stresses and strains inside 
the walls of this fiberglass pipe. A structure can respond dynamically in a given system to 
some actions produced by an applied time varying loads. For a fiber reinforced composite 
pipes, such reactions may come in the form of creeping, fracturing, fatigue failure, 
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explosion, expansion, buckling, dis-bonding of the constituting elements/materials. On the 
other hand, the loads could be a pressure force, vibration, stress corrosion mechanism, an 
impact from external bodies. In this work, the 6-inch fiberglass pipe was internally 
pressurized with 2000 psi. Damage comes in all different sizes and as little as suitable area 
surrounding the damage should be removed. Therefore, it is required to investigate into the 
effect of different damage sizes. In this study, three initial studies of varying damage sizes 
are considered: 25,50 and 75% artificial grove on the FRP pipe. It was observed that 
stresses increase on the fiberglass pipe as the depth of the defect increases. Three cases 
were considered where the FE measurements are listed in Table 63. 
Table 63: Measured Maximum Principle Stresses at the FRP Pipe 
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2nd 	3rd 	Von 1" Principle Principle Principle Mises Stress Stress 	Stress 	Stress (Max) Pa (Max) Pa (Max)ya 
0.994e+9 0.133e+9 0 0.994e+9 
0.963e+9 0.131e+9 0 0.924e+9 
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Figure 135: 2nd Principle stress for different depth of defect 
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Figure 136: Von Mises stress for different depth of defect 
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12.7 Conclusion 
Current methods for repairing FRP pipes are expensive and slow since it requires 
replacement of the defective section which lead to production loss and maintenance cost 
and time. Many variations of composite wrap systems are available. Composite wrap 
systems use different materials for wraps and adhesives, and some systems use epoxy 
polymers and curing agents. Minor on-site repair by grinding, cleaning, and application of 
resin/hardener can resolve the issue quickly and safely if it is done properly. This study 
aimed to demonstrate a faster, easier, and cheaper way to repair FRP pipes subjected to 
internal pressure with composite wrap. In this study, a finite element model was developed 
for analysis of fiber reinforced pipes repaired and strengthened with FRP composites wrap 
by varying the length and thickness of the wrap as well as the material of the repair and the 
groove depth. The mechanical behaviors of the pipe—helical patch adhesive wrap was 
investigated numerically. The results from this study clearly show the ability of the 
proposed model for analyzing the overall behavior of repairing and strengthening FRP 
pipes using FRP composites wrap. Further studies are needed investigate the parameters 
involved in repairing filament wound pipes. The first parameter to be considered should be 
the pipe diameter to create formulas to predict the factor of safety (FOS) following the 
damage and after applying the repair. 
CHAPTER 13: THESIS CONCLUSIONS 
The future prospect of nonmetallic products in oil and gas industries is very bright. 
Fiber-Reinforced-Polymer (FRP) composite pipes have been extensively utilized for 
utilities and low-pressure application and we are confident that the knowledge and 
technology developed in this study will have direct potential benefits to the scientific and 
industrial community in the industry. Research findings of this project will advance the 
competitive nature and have the potential to produce patentable technology to enhance the 
FRP pipes impact resistance considering the challenging industrial environment. 
Therefore, the proposed research will contribute in achieving strategic objectives of the 
kingdom set for use of Fiber-Reinforced-Polymer (FRP) composite pipes in hydrocarbon 
industries. 
The general objective of this Ph.D. research work was to come up with an optimum 
FRP pipe design procedure considering all different combinations of the influencing 
factors. Another aim of this work was to characterize the damage of FRP pipes. Hints and 
important data relating to the examination must be obtained, studied, and investigated 
keeping in mind the end goal to figure out the cause of composite failures. In an extensive 
variety of different NDT techniques, infrared (IR) thermography is considered as an 
attractive technology and right now is broadly utilized as a damage characterization of 
many engineering metallic materials for flaw and abnormalities detection. For composite 
polymer materials, thermography can be used for revealing the damage due to impact, 
327 
328 
fatigue and cracking. Thermography likewise can be used for fiber quantification since the 
total thermal conductivity of composite material relies on the thermal conductivity of 
constituent materials and their relative volume fraction. The essential expected work of 
utilizing thermography is to discover the relationship between accomplished results of the 
thermal nondestructive testing and the local damage of the fiber in composite materials. 
The Thermal NDT method was utilized to quantify temperature rise and growth rate on the 
composite specimen surface. Moreover, this study included modeling the low velocity 
impact testing of composite pipes using FEA. Modeling of composite pipe is a 
Multiphysics problem. The damage characterization of composite pipes subjected to low 
velocity impact based upon experimental work can be prohibitively expensive. Recent 
advancements in the field of numerical simulation provided a means to characterize the 
composite damage. 
The quick development in composite research is a consequence of even more 
promptly accessible computer facilities, programming packages, and computational fluid 
mechanics. Furthermore, this development is fortified by the industrial requirement for 
reliably higher quality composite manufactured via automated operations. Advanced 
integrity assessment of composite pipes assumes the utilization of numerical methods for 
damage characterization and consequent life assessment analysis. There is a developing 
trend towards the utilization of cutting edge finite element (FE) systems for composite 
pipes modeling. This fact yields additionally a need to change the methodology of 
conducting the structural integrity assessment. The utilization of finite element analysis 
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(FEA) in composite pipes fabrication industry is advancing at higher pace to streamline the 
equipment design, process parameters, and lastly the composite pipe's performance. 
Industry can't live without the computer-based simulation and optimization for their 
working manufacturing processes. As commercial finite element codes have turned out to 
be progressively available, the utilization of these codes for composite examination has 
turned out to be exceedingly necessary. This is because that composite investigation 
methodology in view of available commercial FE codes can be promptly transferred to 
industrial applications. Subsequently, FEM is a great numerical technique that can be 
utilized. 
In summary, the overall objective of the current PhD. work was to investigate the 
feasibility of using the FRP composite pipes in hydrocarbon services with the following 
outcomes: 
• Fundamental understanding of the current application and limitation of FRP 
pipes in hydrocarbon services. 
• Development of computational model to predict optimum design parameters 
for FRP pipes with enhanced impact resistance. 
• Characterizing the damage morphology and classifying them for the FRP 
composite pipes. 
• Using the new developed FRP composite pipes design procedure for Saudi 
industries in hydrocarbon applications with more confidence. 
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This work demonstrated the potential for significant improvement of the impact and 
delamination performance of FRP composite through design procedures that can be used 
for high pressure hydrocarbon services in industries. Research findings of this project help 
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